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FOREWORD 


This  document  summarizes  key  findings  and  presents  the  background 
material  relevant  to  the  study  entitled,  "Identification  and  Evaluation 
of  Underground  Obstacle  Sensor  Embodiments  for  their  Applicability  to 
the  Combat  Engineers'  Rapid  Excavation  Mission(s)".  The  report  presents 
a  systems  analysis  approach  and  evaluation  of: 

•  Survey  of  pertinent  information  relating  to  ground 
exploration  using  seismic,  acoustic,  or  other  methods 
consistent  with  MERADCOM's  R&D  Program  for  Passive 
Protection  Achieved  by  Rapid  Excavation  in  a  Military 
Environment.  (Subtask  1) 

•  Evaluation  of  each  underground  obstacle  sensor  embodi¬ 
ment  for  its  applicability  and  value  to  the  combat 
engineers'  rapid  excavation  mission(s) ,  (Subtask  2) 

•  Results  as  regards  feasibility,  costs,  and  benefits  of 
each  concept  and  the  most  promising  concepts  translated 
into  preliminary  system  specifications  covering  the  pro¬ 
jected  underground  obstacle  sensor  field  embodiments. 

(Subtask  3) 

-The  salient  finding  of  this  study  is  that  there  is  not  currently 
available  any  underground  obstacle  detection  system  that  can  be  readily 
transformed  into  an  embodiment  suitable  for  the  combat  engineers'  field 
fortification  rapid  excavation  mission.  ^ 

The  conclusion  of  this  study  presents  a  need  for  subsequent  evalu¬ 
ation  as  follows: 

One  specialized  underground  radar  system  is  available  commercially 
and  two  others  will  likely  become  available  in  the  near  future.  With 
either  of  these  systems,  a  significant  survey  could  be  made  utilizing 
skilled  operators  and  a  known  terrain  in  Central  Europe  in  which  field 
fortifications  rapid  excavation  obstacles  have  been  pinpointed  through 
probing  and  bore  hole  techniques.  This  experimental  survey  would  yield 
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a  potential  benefit  cost  analysis  without  attempting  to  develop  a 
military  embodiment  of  the  electromagnetic  pulse  reflection  methodology. 

This  report  is  submitted  to  US  Army  Mobility  Equipment  Research  and 
Development  Command  (MERADCOM)  Fort  Belvoir,  Virginia  22060  by  Arthur  D. 
Little,  Inc.,  20  Acorn  Park,  Cambridge,  Massachusetts  02140,  and  was 
prepared  under  Task  Order  No.  3  of  Contract  No.  DAAK70-77-D-0036.  This 
report  was  prepared  under  the  guidance  of  Miss  Guice  Sarazen,  and  Messrs. 
Jerry  Dean,  Frank  Tremain,  and  Harry  Keller  of  MERADCOM.  Questions  of  a 
technical  nature  should  be  addressed  to  Robert  H.  Bode,  617-864-5770,  the 
Manager  of  the  study  or  to  John  S.  Howland,  the  principal  author  and 
principal  investigator.  Technical  questions  concerning  seismic  reflection 
or  refraction  techniques  should  be  addressed  to  Peter  von  Thuna,  the 
principal  investigator  for  seismic  and  related  technologies. 
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V  X.O  .  INTRODUCTION  •  -  '  4  .  ^ \  • 

•-■i-  .  • .  • .  .  ;'%■  ••.*;••••  -  '  >■.> 

^  This  report  summarizes  the  key  findings  and  background  investigations 

from  work  conducted  under  Task  0003  of  Contract  DAA70-79-D-0036  entitled, 

.■  .  -  '  •  -1"'  -  -  ►  v  ■  . 

"Identification  and  Evaluation  of  Underground  Obstacle  Sensor  Embodiments 

*■  1  *■ /.  C  U  .►.  A’.  *-  -  ...  '  •  • 

for  their  Applicability  to  the  Combat  Engineers1  Rapid  Excavation  Mission(s) 

•••  •  •‘•y  -  :  :  ’ 


2.0  OBJECTIVE 


■  ''fir  :  ■  ’  7  -  ■  ■- 

'  • '  «  ]  •  1  *  ■*  ■»  -  ' ,  •«  *^4  ^  , .  .  >  (,  ,  1  '1  A  ^  '  »  •  .  ,  *,  ^  *  i  -• 

a  ’  •  ’a  a  .  J  '■  .a  a  «  a  ^  a  a  S  _  _  _  ^  •  ■  t  j 


, :  V  The  task  objective  has  been:  First,  the  identification  of  all  ,; 

*  known  promising  techniques  for  sensing  underground  obstacles  that  would 
impede  or  preclude  the  combat  engineers1  rapid  excavation  mlsslon(s)  in 

a  military  environment,  and  second,  the  analysis  of  the  most  promising 

k  ;v<,»  .*  .*  ■  •  -—<**;  '•  » '  ■ 

detection  techniques  to  determine  their  applicability  to  rapid  excavation, 

■  •  -o’M.v  •£>  ..  "  .’v*.. ,  .  \ 

:  field  fortification  missions. :  j  } 


* :  3.b  '  scope  of  work 

> -  ,i-  ’  •  '  "•  • 

.  ■;;.#$?  ■!  ;  ...  1 

v':1>  The  work  on  this 


The  work  on  this  task  has  been  subdivided  into  three  subtasks  as  - ' 


v>:  >  *Vx‘  *.  '-iv  •'  ■  i %  1 

-  C  follows :  ;  -  v.  •'  "  •  •-'  f  '•  ■ 

v;  Subtask  1:  Survey.  '  ■  •  ^ *•  ^  ’ '* 

,.r  •;  ...3/4-0  '•  ?  . 1 ' “  ,4  •, •  •> 

This  subtask  included  a  literature  search  and  review  of  all  pertinent 
information  relating  to  potential  methods  of  ground  exploration  in  the  •  /( . . ' 
range  of  Interest.  Principal  researchers  were  interviewed  and  existing  >,  5/ 4- 


hardware  was  studied.  ■ 


Subtask  2:  Analysis. 


■ ' :v  • .  - .  :•  V  . 

•••*  ■*  wi”  41-  •••',•  4--.. 

V  •  •  *»,.  ,'*v*v  V  '  ►  ,  V  ,  ■  ■  t 

;  s  *‘  :<.Y'  .  ' ,  y  •  ?•  v, .  ^ 


•,  •-  ...  .."*••■■•  v. v  ' 

7 .  v  ’  *  '.  \  '  '  '•  '  " 

!'■  Based  upon  Subtask  1  information,  each  promising  concept  was  examined 

'  *  '  .  ’  '  .  *  /“  -.5.  *■  ■  ‘ 

for  the  range  of  variables  of  interest  in  the  combat  engineers  rapid 
excavation  mission(s) .  ‘  !  * 

,  V‘.  "■■■■'’  .  '  •  ••  '  •'  •.**>  ■'  '4;  iV  '  .•  •  ;V.  . 

Subtask  3:  Conclusions,  Benefits,  and  Specifications.;'^.:'.^ 

•;..  1  v  ■  .  ..  .  ;  -  -,y<  •  •  ’ '..  ; 

Conclusions  were  then  drawn  as  to  the  feasibility  of  each  exploration 

.  &•  '  '***’ 

or  obstacle  detection  concept,  and  for  each  feasible  concept,  costs, 
benefits,  and  preliminary  system  specifications  were  compiled  for  a  pro¬ 
jected  field  embodiment.  v>-V:. 
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4.0  BACKGROUND  .  ■  ;:  w;^  >..■ 

■■'  /  '•■-•.  I  V.-z  .  VC  *  %■■'?•  S' :'.v :  yfv  v %i-y^-U 

Arthur  D.  Little,1  Inc. ,  recently  completed  a  task  for  formulating  V'.‘„.  .•  j 

.  •  -■•  •  -  -  “v  , 

an  R&D  program  for  passive  protection  achieved  by  rapid  excavation  in  ay  vy. 

military  environment  for  the  time  frame  1985  to  '1995* .  (I)  ♦‘•jf&jpfc  V  '• 

.  \  '  \  L-'  '  .  V •• 

The  results  of  this  program  indicated  that  the  major  missions  for-v  -i  v',  ; 

the  combat  engineers  will  consist  of  rapid  excavation  of  long,  relatively; 

narrow  trenches  to  provide  protected  fighting,  firing  emplacement  and  ' . 

non-combat  defilade  positions  for  tanks,  armored  personnel  carriers,  y 

mobile  ordnance,  and  miscellaneous  non-combat  vehicles.  The  request  and  •! 

frequency  requirements  for  these  field  fortifications  in  a  short  time  . 

frame  imposes  an  excavation  need  to  accomplish  these  trenches  within 

short  time  periods  ranging  from  7.  to  20  miimtesiw^^^®£4t>;-'  S>*. 


,  ■  -'i ?  ‘  ■ 


ranging  from  7.  to  20  miimtesi'«i^g^«^^^-'  •».  ? 

\.?y. :V#‘*ryy •  -.'7ctf  ^ ^ 


V:-;-  '-f-. 


.S'  y  ”•/  ’ 


'■*  "•  '*!  :/ ;  .  .  .  ,  ,  .  •  ,  >  <•  , . .  v. 

*  ®eter.'  Unrotted  ground  roots  or  logs  would' present  a  serious  obstacle  ^  ' 

■■  -:*w  ■ '  ■  -<  ■  ■■  .■ 

ff  .  to  either  type  of  machine.  Likewise,  man-made  obstacles  such  as  pipes 


especially  tor  the  military  mission,  zu  ,Vv  ';■/ <  •  •  ■. 

•.  k  Both  of  these  types  of  excavators  are  limited  in  their  ability  to  j.v  ■>■■■' 

■  ...  ■  ■-  .  •  ••  •  .  .  •. 

handle  underground  obstacles.  Neither  can  excavate  through  underground  \- 

■  .••  r  ■  : •  . 

ledge  or  consolidated  rock.  The  scoop  excavators  could  handle  rock  or ,  i  y;; 

■-  ;  1  '  ''  ?  :•*/•*  •  .<■  '  .*  ■")  y  <  .-I .»>,*'■  A,*  ♦'/.*-  1  '/A'’  tV*'- , • 

boulders  up  to  several  feet  in  diameter  but  most  continuous  excavator  *  ' " ’  . 

concepts  would  be  limited  to  rocks  smaller  than  about  two  feet  in  dia-  ,  /.r''  .  < 


V.  ;  , 


';  T\:  '  M  .  :  V£  X  . 

.j»'Z  y. 


or  buried  foundations  would  also  impede  these  devices .  ;  ;;  .-y*'  •.  ;'r , 

The  study  of  Reference  (1)  Included  a  detailed  analysis  of  the 

!  ■.  ■■  •••  •••'•■  "  • 

1  combat  excavation  tasks  requested  during  one  play;  period  of  the  E-FOSS 

!r^V  »<•",*.  •  -  ..  •  A'  •  ,f  r  •  '  *  *  i  \  #  ■  •  )»  y*'  •:*  V  **».'•.  k  ;  •  "  *•'  '  4  *'*  -r» 

war  games.  It  was  found  that  the  three  tasks  shown  schematically  in 


Figures  S-l,  S-2,  and  S-3  represent  92. 2X  of  total  excavated  volume 
and  81. 3Z  of  on-site  duration  for  the  mix  of  equipment  assumed.  Each 
of  these  excavations  takes  the  form  of  a  trench  with  a  depth  of  5  feet, 
below  grade.  The  widths  of  the  trenches  vary  from  11.5  to  17.7  feet 
and  the  lengths  vary  up  to  about  100  feet.  The  remaining  excavations 


^Numbers  in  parentheses  refer  to  references  in  the  Bibiliography. 
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Figure  S-l 
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Figure  S-3 


vary  widely  in  form  as  shown  In  Figure  S— 4.  However,  the  maximum  depth 
of  the  excavations  is  2  meters  (6.7  feet).'  Moat  of  the  specific  exca¬ 
vations  have  maximum  depths  below  grade  of  6  feet  or  lees.. 

■  v'.  -  •  K*  •  •  ^  - 

Since  these  excavations  are  required  in  very  short  periods  during 
or  preparatory  to  combat,  the  effectiveness  of  machinery  available  to 
the  engineer  units  can  be  maximized  by  minimizing  the  possibility  of 
false  starts  or  trial  and  error  procedures  for  the  location  of  obstacles 
which  would  prevent  the  excavation  in  a  specific  location.  For  this 
reason,  a  need  exists  for  a  very  rapid  method  of  surveying  the  proposed 
site  of  the  potential  field  fortification  to  detect  any  obstacles,  within 
five  feet  of  the  surface,  which  would  deter  or  defeat  accomplishing, 
with  the  available  equipment,  the  excavation  for  the  field  fortification. 

A  secondary  objective  of  the  survey  method  is  the  detection  of 
tunnels  or  voids  below  the  five  foot  depth.  Each  of  the  major  excavations 
will  be  used  as  a  protected  or  defilade  position  for  a  vehicle.  If  a 
significant  void  exists  below  the  trench,  the  bottom  may  cave  in  and  trap 


the  vehicle. 


5.0  FINDINGS 


•; >  *  ♦, fgtep-  .  ■  v 

■  M  f  >*-  ’  J. 


5.1  The  salient  finding  of  this  study  is  that  there  is  not  currently 

available  any  underground  obstacle  detection  system  which  can  be  readily 
transformed  into  an  embodiment  suitable  for  the  combat  engineers*  field 
fortification  rapid  excavation  mission.  ;:.v- .  ’’’ 

5.2  There  are  two  detection  technologies  which  provide  promise  for  the 
future  development  of  a  suitable  embodiment  of  a  detection  system  for  the 
combat  engineers'  field  fortification  rapid  excavation  mission,  namely, 

‘  •  ’  •  ■  f  -  t 

•  Electromagnetic  pulse  reflection  (radar)  V; .  ' 

•  Seismic  reflection  or  refraction  techniques 

v 

5.3  A  number  of  substantially  similar  underground  pulse  radar  systems 
have  been  developed  by  prior  researchers  and  are  and  will  be  produced  by 
several  firms  and  research  organizations.  Most  of  this  prior  work  has 
been  aimed  at  detecting  cavities,  buried  utilities,  items  of  ordnance, 
and  geological  strata.  Little  prior  work  has  been  aimed  specifically 
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FIGURE  S-4  EXCAVATION  TASKS  DIMENSIONAL  SCHEMATIC 
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at  geological  obstacles,  such  as  large  rocks  and  boulders,  „  It  also  ;»'• 
appears  that  it  is  not  always  possible  to  distinguish  between  hard  and 
soft  materials,  thus  clay  lenses  appear  similar  to  rock  layers  or  cavity 
boundaries. 


5.4  While  penetration  to  depths  of  five  feet  is  clearly  feasible  in 

many  soils  by  underground  pulse  radar,  it  is  known  that  in  moist  clays, 
or  salty  soils,  penetration  is  very  difficult.  Seismic  methods  have  a 
significant  relative  advantage  over  radar  methods  with  their  capability 
of  propagating  signals  in  saturated  soils.  Hence,  seismic  methods  repre¬ 
sent  a  complementary  methodology  to  radar,  / -f . ;  ■  :  " 

5.5  The  basic  difficulty  with  seismic  methods  is  the  relative,  difficulty 
of  coupling  the  seismic  transducers  to  the  ground. 


...  •  ‘  •  f  .  -  ...  /-*.  .  . 

5.6  Radar  represents  a  potentially  fast,  portable  dynamic  technique  of 
obstacle  detection,  while  seismic  methodologies  represent  a  slow,  static, 
heavier  and  bulkier  technique. 

•  '  ..  ^  i  •  .  .  4  ' 

;"*C  V  ••  -i  . 


6.0  CONCLUSION 


One  specialized  underground  radar  system  is  available  commercially 
and  two  others  will  likely  become  available  in  the  near  future.  With 
either  of  these  systems,  a  significant  survey  could  be  made  utilizing 
skilled  operators  and  a  known  terrain  in  Central  Europe  in  which  field 
fortifications  rapid  excavation  obstacles  have  been  pinpointed  through 
probing  and  bore  hole  techniques.  This  experimental  survey  would  yield 
a  potential  benefit  cost  analysis  without  attempting  to  develop  a  military 
embodiment  of  the  electromagnetic  pulse  reflection  methodology. 


7.0  RECOMMENDATIONS 


7.1  Undertake  field  tests  with  commercially  available  ground  radar 
systems  in  the  geographical  areas  of  Interest  (e.g..  Central  Europe, 
Middle  East,  Korea,  etc.).  Surveys  should  be  conducted  over  known  ter¬ 
rain  having  field  fortification  rapid  excavation  obstacles  and/or  cavi¬ 
ties.  If  any  given  location  has  a  significant  seasonal  ground-  water 
variation,  tests  should  be  run  at  different  seasons. 
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7.2  If  the  commercially  available  system  still  appears  promising  after 
these  tests  with  skilled  operators,  a  program  to  develop  effective  target 
recognition  and/or  imaging  equipment  should  be  undertaken. 
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1.0  Information  Survey  -  Subtask  1. 

Subtask  1  included  a  literature  search  and  review  followed  by  inter¬ 
views  of  the  key  researchers  for  the  promising  detection  methods.  Several 
specific  embodiments  of  the  ground  radar  concept  were  identified  which  are 
either  available  products  or  are  in  advanced  stages  of  development  and 
these  were  investigated.  Finally,  a  field  test  of  both  bore  hole  and 
surface  antenna  radar  tests  was  attended.  This  information  survey  is 
covered  in  this  section  of  the  report. 

1.1  General  Studies. 

The  only  general  study  for  a  similar  detection  objective  found  in 
the  search  was  that  of  Gates  and  Armistead  (2).  This  study  was  performed 
for  the  Electric  Power  Research  Institute  and  the  U.  S.  Department  of  the 
Interior  and  was  aimed  primarily  at  detection  methods  to  support  trenching 
for  the  underground  installation  of  utilities.  As  such  and  from  the 
military  standpoint,  it  overstresses  man-made  obstacles  such  as  existing 
pipes,  drainage  conduits,  and  foundations.  In  general,  many  of  the 
selected  sites  of  interest  for  this  application  had  been  previously 
excavated  for  earlier  public  work  and  did  not  contain  ledge  or  large 
boulders . 

The  general  conclusion  reached  by  Gates  and  Armistead  is  that  pulsed 
UHF  radar  in  the  0.4  to  1  GHz  frequency  range  is  the  most  promising  single 
method;  however,  it  is  not  suitable  for  wet  soils.  In  compacted  or  satu¬ 
rated  soils  an  acoustic  pulse-echo  (Sonar)  in  the  1  to  10  kHz  frequency 
range  is  better.  Less  promising,  especially  for  the  type  of  natural 
(ledge  and  boulders)  obstacles  of  Interest  here,  were  magnetic  methods. 

However,  Gates  and  Armistead  proposed  the  development  of  a  mobile 
system  consisting  of  these  three  methods  along  with  a  computer  to  process 
the  data  and  interpret  the  detector  information. 

The  estimated  speed  of  detection  is  not  determined  explicitly  in 
the  study.  However,  a  statement  that  the  cart  could  be  driven  at  one  mph 
is  made.  This,  of  course,  is  about  1.5  feet/second  which  is  in  the  range 
of  interest  if  a  wide  enough  path  could  be  detected  on  each  traverse  at 
this  speed. 
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Based  upon  the  work  of  Gates  and  Armistead  (2)  and  a  survey  of  the 
other  literature,  the  matrix  of  applications  of  Table  1-1  was  constructed. 
This  lists  the  general  methods  that  have  been  applied  or  investigated  for 
various  detection,  prospecting,  or  survey  tasks  in  various  fields.  It 
can  be  seen  that  many  of  these  techniques  are  available  as  commercial 
equipment  or  are  commonly  applied  to  a  variety  of  geological  or  geo¬ 
physical  survey  tasks.  However,  most  have  either  not  been  applied  or 
have  only  been  investigated  in  an  R&D  program  as  an  adjunct  to  rapid 
excavation  tasks. 

Table  1-2  summarizes  the  physical  characteristics  of  a  number  of 
actual  or  potential  survey  methods  and  their  applicability  against  the 
specific  types  of  targets  of  interest  in  this  study.  Based  upon  this 
preliminary  evaluation,  the  only  methods  that  appear  to  be  promising 
against  all  of  the  targets  are  seismic  and  acoustic,  mechanical  probes, 
or  ground-penetrating  radar. 

Each  of  these  general  methods  are  discussed  in  the  following  sub¬ 
sections  to  summarize  the  conclusions  of  prior  investigators  and  the 
prospects  of  application  to  the  field  fortification  excavation  missions 
of  interest. 

1.2  Electrical  Properties. 

Gates  and  Armistead  provide  a  good  summary  of  electrical  and  low- 
frequency  or  long-wave  electromagnetic  methods.  These  have  been  used 
extensively  for  geophysical  prospecting  and  exploration.  The  major 
methods  are  as  follows: 

•  Electrical  Well-Logging  -  The  resistivity  of  the  ground 
is  measured  by  multiple  electrodes  lowered  into  holes . 

•  Galvanic  Resistance  -  Probes  are  used  to  introduce  a 
current  into  the  earth  and  to  map  the  resulting  potential 
field.  The  observation  scale  is  typically  hundreds  or 
thousands  of  feet  and  objects  in  the  range  of  tens  of 
feet  cannot  be  resolved. 
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•  Induced  Polarization  -  Low  frequency  voltages  are  applied 
to  the  ground,  and  the  resulting  polarization  gives 
information  on  the  macro-structure  of  the  medium.  Again, 
the  scale  of  observation  is  large  and  unsuited  to  this 
application. 

•  Radio  Wave  -  Very  low  frequency  radio  waves  are  used  in 
airborne  surveys  to  prepare  maps  of  surface  conductivity 
over  very  large  areas. 

•  Induction  -  This  is  the  common  metal  detector  which 
operates  at  about  100  kHz  and  as  high  as  5000  kHz.  They 
are  quite  effective  for  buried  metal  objects  but  are 
ineffective  for  non-conducting  objects  (see  Fountain  (3)). 

None  of  the  above  methods  has  any  promise  at  all  for  our  application. 
Cates  and  Armistead  (1)  concluded  that  the  resolution  required  in  this 
type  of  application  must  be  many  orders  of  magnitude  greater  than  that 
achievable  at  a  frequency  below  1  MHz.  Lytle,  et  al.,  (4)  found  that 
tunnels  could  be  detected  in  a  cross-borehole  technique  using  a  trans¬ 
mitted  signal  in  the  range  of  60  MHz. 

Thus,  a  probing  frequency  between  60  KHz  and  1  GHz  is  likely  to  be 
required.  Since  the  application  will  likely  preclude  the  use  of  bore¬ 
holes  or  insertion  of  electrodes  due  to  time  limitation,  an  ec'no-sounding 
or  radar  technique  is  the  most  promising. 

1.3  Radar. 

Radar  technology  is  well  advanced  for  use  in  the  atmosphere  or  space, 
but  underground  radar  is  in  its  infancy  (2).  There  are  two  basic  types 
of  system,  pulse  and  continuous  wave  (CW)  systems.  Gates  and  Armistead 
(2)  state  that  the  CW  type  produces  an  echo  that  is  much  more  difficult 
to  interpret  than  a  pulse  system  and  that  the  latter  can  be  more  easily 
developed  at  this  point. 

In  fact,  every  system  investigated  to  date  in  any  detail  is  a  pulsed 
system  (2,  5-17).  For  example.  Southwest  Research  Institute  investigated 
a  pulse  radar  with  a  bandpass  between  30  MHz  and  300  MHz  for  detection  of 
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deeply  burled  ordnance  and  concluded  that  the  concept  was  feasible  but  a 
reliable  system  would  require  a  long-term  design  and  development  program 
(6).  Aiming  at  site  investigation  in  advance  of  rock  tunnelling,  Ensco 
concluded  that  radar  can  detect  geologic  structures  of  interest  to 
planners  at  ranges  greater  than  25  feet  (16,  17).  They  made  use  of  a 
proprietary  pulse  radar  developed  by  Geophysical  Survey  Systems,  Inc., 
(GSS)  of  Hudson,  New  Hampshire  (9).  This  system  is  also  cited  by  Gates 
and  Armistead  (2)  as  a  promising  starting  place  for  the  development  of 
the  utility  trenching  detector.  Building  on  the  basic  GSS  antenna  design, 
Ensco  has  recently  developed  smaller,  more  portable  electronics  and  read¬ 
out  equipment  which  are  permissible  for  coal  mine  operation. 

Another  major  center  of  pulse-radar  development  is  the  Ohio  State 
University  Electroscience  Laboratory  (7,  8,  10-15).  Most  of  the  work 
covered  in  the  references  obtained  are  aimed  at  geological  surveying  in 
hard  rock  in  advance  of  rapid  excavation  or  tunnelling.  The  system 
reportedly  has  promise  for  this  application  which,  of  course,  is  the 
same  one  investigated  by  Ensco  with  the  GSS  radar. 

Recent  work  at  Ohio  State  has  been  concerned  with  target  identifi¬ 
cation  based  on  the  complex  natural  resonances  of  the  target  (15).  The 
results  of  this  work  showed  considerable  promise  for  shallow  buried  mine- 
like  objects.  The  method  is  fairly  fast,  requiring  only  algebraic  oper¬ 
ations  in  the  signal  processing.  If  the  correct  predictors  can  be 
developed  for  typical  obstacles  to  excavation,  it  is  a  likely  method  for 
approaching  a  "go-no  go"  type  of  output. 

Based  on  an  Ohio  State  system,  Microwave  Associates  has  licensed 
and  developed  an  extremely  portable  radar  called  the  Terrascan*.  The 
price  goal  for  this  system  is  reportedly  much  lower  than  the  previous 
systems  such  as  the  GSS  Inc.  system  and  its  display  is  much  simpler  than 
the  usual  facsimile  or  recorder  display  of  multiple  return  signals. 
However,  this  system  has  been  many  years  in  field  evaluation  and  probably 
has  not  achieved  the  desired  reliability  goals  over  a  wide  variety  of 
ground  conditions.  In  the  present  configuration,  the  device  is  intended 
as  a  pipe  locator  and  is  most  efficient  for  pipe-like  objects  or  long  dis¬ 
continuities  in  dielectric  constant. 

•Microwave  Associates'  trademark  1-6 
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Several  organizations  are  experienced  in  assembling  special  ground 
radars  for  specific  purposes  or  conducting  research  programs  using  this 
type  of  equipment.  Principal  among  these  are  now  SKI  International 
which  specializes  in  archaeological  and  geophysical  surveys  (19-24) ; 
Southwest  Research  Institute  which  specializes  in  geological  and  mili¬ 
tary  applications  (3,  6);  and  Ohio  State  University  which  specializes  in 
utilities  location  and  geological  survey  (7,  8,  10-15).  As  part  of  this 
information  survey,  researchers  at  all  three  of  these  organizations  were 
interviewed  for  their  opinions  on  the  applicability  of  the  ground-probing 
radar  to  the  subject  field  fortification  excavation  missions.  On  the 
basis  of  these  interviews,  the  following  findings  have  been  summarized: 

•  A  video  pulse  radar  operating  in  the  50  to  several  hundred 
MHz  frequency  range  appears  to  be  the  most  promising  for 
this  application. 

•  Under  favorable  conditions,  such  a  system  is  capable  of 
detecting  strong  reflections  from  obstacles  in  the  size 
range  of  interest. 

•  However,  Interpretation  of  the  radar  reflection  data  is, 
at  this  point  in  time,  largely  an  art  form  heavily  depen¬ 
dent  upon  previous  experience  and  supporting  data  from 
other  sources.  Substantial  development  will  be  needed 

to  reach  the  point  where  a  simple  "go-no  go"  or  graphic 
visual  display  can  be  produced,  if  indeed,  this  will  ever 
be  feasible  from  a  technical  as  well  as  economic  stand¬ 
point  . 

•  In  many  soils,  especially  clays  or  saturated  soils 
where  salt  ions  are  present,  even  a  five  foot  pene¬ 
tration  would  not  be  feasible.  While  equipment  manu¬ 
facturers  claim  that  the  systems  are  good  in  soils 
with  conductivities  up  to  50  millimhos  per  meter 
which  would  cover  essentially  the  entire  U.  S.,  one 
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researcher  stated  that  it  is  not  reliable  above  5 
millimhos/m.  which  would  eliminate  substantial  portions 
of  the  nation.  Conductivity  information  on  overseas 
areas  of  interest  was  not  obtained. 

•  In  some  cases  where  the  soil  conductivity  is  acceptable, 
there  may  not  be  enough  difference  between  the  dielec¬ 
tric  constant  or  permeability  of  the  obstacle  and  sur¬ 
rounding  earth  to  provide  a  sharp  reflection. 

•  In  summary,  underground  radar  state  of  the  art  is  still  in 
its  infancy,  especially  with  respect  to  the  detection  of 
natural  obstacles  and  target  identification. 

Of  the  three  firms  offering  or  developing  ground  radar  equipment 
for  sale,  both  GSS  Inc.  and  Ensco  offer  both  equipment  and  survey  services 
while  Microwave  Associates  appears  primarily  interested  in  marketing  a 
radar  system*.  On  the  basis  of  our  interviews  of  personnel  at  GSS  and 
Ensco,  it  appears  that  the  entire  system,  as  now  applied,  costs  of  the 
order  of  $35,000  to  $45,000.  More  than  half  of  this  cost  is  for  the 
tape  recorder  and  graphic  display  equipment.  If  a  radar  and  antenna 
system  alone  were  developed  without  a  need  for  the  recorder  and  graphics, 
for  example,  using  a  simple  oscilloscope  or  light  display,  the  cost 
would  be  much  lower — probably  in  the  $10,000  to  $15,000  range. 

l.A  Magnetic  Properties. 

Several  types  of  magnetic  detection  methods  have  been  used  for  under¬ 
ground  detection  or  mapping  (2,  27).  These  all  involve  the  use  of  in¬ 
struments  to  measure  some  property  of  the  magnetic  field  near  the  buried 
object  or  the  introduction  of  an  induced  field  in  the  object  and  the 
measurement  of  the  properties  of  the  induced  field.  The  latter  method 
was  discussed  previously  under  induction  and,  of  course,  can  be  used  for 
detecting  any  buried  conductive  object.  The  passive  magnetic  methods, 
however,  require  that  the  buried  objects  be  f erro-magnetic .  Thus,  they 
are  promising  only  in  the  case  of  buried  pipes  or  other  man-made  objects 
which  are  not  of  primary  interest  in  this  application. 

*See  Anoendix  A  for  these  company  brochures. 
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Gates  and  Arraistead  have  recommended  that  a  magnetic  sensor  be  used 
on  the  prototype  utility  excavation  detector  as  a  pipe  sensor  (2). 


1.5  Acoustic  Methods. 


Various  types  of  acoustic  or  seismic  methods  have  been  proposed  or 


tested  for  underground  obstacle  detection. 


The  simplest  is  the  use  of  a  geophone,  analagous  to  a  hydrophone, 
to  listen  for  sound  being  transmitted  by  the  underground  obstacle.  In 
the  case  of  pipes,  for  example,  the  flowing  liquid  or  gas  generates 
flow  noise  which  can  be  detected.  If  some  portion  of  the  piping  system 
is  exposed,  it  can  be  struck  or  connected  to  a  noise  source.  None  of 


these  methods  have  any  application  to  the  current  problem. 


A  related  method,  however,  has  been  used  to  measure  bedrock  ele¬ 
vation.  A  noise  is  introduced  at  several  locations  by  means  of  a  per¬ 
cussive  drill.  The  strength  of  the  wave  is  then  measured  at  various 
listening  points  with  a  geophone  (28).  Although  this  method  has  some 
potential  in  terms  of  large-scale  mapping  of  ledge,  it  does  not  appear 
promising  for  the  rapid  detection  needed  for  the  field  fortification 
excavation  application. 


Most  underground  obstacle  detection  work  has  been  concentrated  on 
the  pulse-echo  method  or  the  related  "scanned  acoustical  sounding" 
method.  Gates  and  Armistead  conclude  that  frequencies  in  the  range  of 
1  to  10  kHz  are  required  for  the  optimum  combinations  of  resolution 
and  transmission  in  soils  (2).  However,  very  high  signal  absorption 
will  occur  for  soils  that  are  not  compacted  or  saturated  with  water. 
Moreover,  coupling  the  energy  into  the  ground  at  the  transducer-ground 
interface  is  difficult.  For  a  moving  system  this  will  be  a  major  prob¬ 
lem.  They  did  not  find  any  commercially  available  equipment  for  the 
pulse-echo  method. 


Several  researchers  have  investigated  acoustic  probing  as  a  tech¬ 
nique  for  detecting  obstacles  or  anomalies  ahead  of  rapid  excavation  in 
rock  (29-42).  Here,  of  course,  the  transmission  or  absorption  problem 
is  not  as  acute  as  it  is  in  soil.  The  coupling  problem  still  occurs, 
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however,  and  is  usually  solved  by  insertion  of  water  or  glycerine  between 
the  transducer  and  the  surface  of  the  rock  (32,  33,  42).  All  of  the 
various  investigators  have  used  frequencies  in  the  range  of  5  to  50  kHz. 

Even  in  rock,  the  complexity  of  the  reflected  signals  is  consider¬ 
able  and  much  of  the  research  effort  has  been  devoted  to  methods  for 
processing  the  signals.  Holosonlcs  has  developed  an  Imaging  technique 
that  allows  the  construction  of  an  optical  image  of  the  target  (35-39). 
Honeywell  has  developed  a  computer  signal  processing  system  to  Inter¬ 
pret  the  return  from  an  array  of  beams  (29-31) . 

It  would  appear  from  the  literature  that  the  sonar  system  is  in  an 
even  earlier  stage  of  development  than  the  radar  ground  system.  However, 
it  may  be  the  only  feasible  detection  system  for  wet  ground.  Thus,  we 
have  carried  the  evaluation  of  the  seismic  or  sonar  methods  further  for 
this  application  as  will  be  discussed  in  the  next  section  of  this  report. 

1.6  Infrared  Methods. 

Gates  and  Armistead  have  evaluated  the  potential  of  infrared  methods 
for  the  utility  detection  problem  (2).  Infrared  imaging  is  used  for  both 
commercial  and  military  purposes  to  survey  large  areas  to  detect  objects 
buried  beneath  the  surface,  ground  that  has  been  disturbed,  or  hidden 
heat  sources.  Because  of  the  clutter,  the  method  is  not  felt  to  have 
much  promise  for  local  detection  of  deeply-buried  and  relatively  small 
objects  (i.e. ,  boulders)  or  even  large  objects  (ledge)  that  is  several 
feet  below  the  surface.  Hence,  infrared  methods  are  not  considered 
promising  for  detection  of  obstacles  to  the  rapid  excavation  task. 

1.7  Nuclear  Methods. 

Gates  and  Armistead  have  analyzed  a  number  of  nuclear  radiation 
methods  for  essentially  the  same  application  (2).  They  conclude  that 
a  very  costly  and  complex  detector  system  would  be  required  to  apply 
these  methods  up  to  four  feet  and  that  they  would  not  be  useful  beyond 
this  depth.  Moreover,  they  are  not  consistent  with  rapid  scanning  of 
an  area.  Thus,  no  further  investigation  appears  warranted  for  this 
application. 
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1.8  Mechanical  Probing. 

No  specific  references  were  found  applying  a  mechanical  probing 
technique  to  this  specific  problem.  Probing,  of  course,  has  long  been 
a  common  method  for  detecting  buried  antipersonnel  mines.  A  bayonet  is 
normally  used  as  the  probe.  Various  devices  have  been  investigated  for 
rapidly  penetrating  the  ground  including  vibratory  or  acoustical  probes 
(50,  51),  explosivesand  augers  or  drills. 

The  problem  here  is  that  an  array  of  holes  would  be  required  to  5 
foot  depths  on  about  2  to  3  foot  centers  all  over  the  intended  area  of 
the  trench.  No  known  methods  exist  for  putting  this  number  of  holes  in 
the  ground  in  a  few  minutes.  For  example,  a  12  x  100  foot  trench  would 
require  about  300  holes. 

Finally,  the  low  energy  methods  that  would  be  stopped  by  large  rocks 
would  also  be  stopped  by  small  rocks,  having  a  size  slightly  larger  than 
the  probe  diameter.  These  rocks,  of  course,  would  present  no  impediment 
to  the  rapid  excavator.  Higher  energy  methods  might  also  penetrate  or 
split  the  large  rocks  and  thus  fail  to  give  the  required  signal.  Thus, 
the  false  alarm  rate  would  likely  be  high. 

For  these  reasons,  the  mechanical  probe  was  not  carried  further 
Into  Subtask  2. 

1.9  Gravimeters  and  Gravity  Gradiometers. 

Gravimeters  have  long  been  used  for  mapping  anomalies  in  the  earth's 
gravity  field,  and  thus  providing  a  measure  of  local  density  variations 
(52).  The  gravimeter  is  basically  a  very  sensitive  balance  or  force- 
measure  device.  Several  of  the  types  which  have  been  used  are  capable  of 
measuring  the  type  of  local  anomaly  produced  by  a  3  or  4  foot  boulder 
buried  at  5  foot  depths*.  However,  each  measurement  takes  about  five 
minutes  with  skilled  personnel.  After  recording  the  gravimetric  data, 
it  may  be  processed  to  produce  a  map  of  the  gravimetric  potential  of  the 
survey  area  as  shown  in  Figure  1-1.  This  map  will  show  obstacles  if 
the  survey  is  detailed  enough  for  the  required  resolution. 

*Private  communication  with  Dwain  K.  Butler,  U.  S.  Waterways  Experi¬ 
mental  Station,  Vicksburg,  Mississippi. 
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Because  the  method  is  slow,  it  does  not  have  promise  for  the  exca¬ 
vation  mission.  However,  in  recent  years,  gravity  gradiometers  have  been 
under  development  for  use  from  moving  platforms  (53).  This  approach  or 
simplifications  of  it  have  the  potential  of  a  more  rapid  gravimetric 
survey  but  will  still  likely  be  so  expensive  as  to  be  far  beyond  the 
range  of  economic  justification  for  the  excavation  mission. 

However,  for  completeness,  the  gravimeter  has  been  analyzed  in  more 
detail  and  the  results  are  presented  in  Appendix  B. 

1.10  Tiltmeters. 

These  devices  measure  static  or  very  low  frequency  tilt  of  the 
ground  with  respect  to  the  local  gravitational  vertical.  Simple  tilt- 
meters  employ  a  pendulum  or  bubble  level  with  electric  or  optical  pick- 
off  and  readout.  Bubble  devices  are  typically  limited  in  sensitivity, 
while  a  mechanical  pendulum  requires  a  very  fragile  suspension  in  order 
to  suppress  mechanical  hysteresis  effects.  One  extremely  sensitive  yet 
rugged  and  simple  design,  bypassing  these  problems,  uses  a  small  graphite 
cylinder  suspended  diamagnetically  in  an  inhomogeneous  permanent  magnetic 
field.  The  axial  position  of  the  cylinder  is  read  out  by  photoelectric 
detectors,  and  the  instrument  acts  as  a  frictionless  pendulum  of  extreme 
length  without  any  stick-slip  or  mechanical  hysteresis  (55).  Other 
considerably  more  complex  tiltmeters  have  been  built  using  mechanical 
feedback  where  the  tilt  sensor  is  only  a  null  device.  It  has  the 
advantages  of  greater  accuracy  and  linearity  over  comparatively  large 
ranges  of  tilt. 

Many  of  these  designs  are  available  in  a  stage  of  perfection  where 
they  can  readily,  and  with  good  resolution,  measure  earth  tides.  On 
solid  land  this  is  an  effect  typically  of  the  order  of  0.1  arc  seconds 
(corresponding  to  a  tilt  of  approximately  0.5  mm  per  km).  The  best 
tiltmeters,  in  fact,  approach  the  thermal  noise  of  the  proof-mass  Itself. 
It  has  for  each  a  degree  of  mechanical  freedom  an  average  energy  of  kT, 
where  k  is  Boltzmann's  constant.  Thermal  noise  is  a  fundamental  limit 
of  all  displacement,  acceleration,  and  velocity  sensors,  but  it  is 
reached  rarely  in  practice — in  contrast  to  electrical  measurements,  where 
it  is  today  a  quite  commonly  encountered  limit. 
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Tiltmeters  are  useful  in  soil  mechanical  studies,  earthquake  pre¬ 
diction,  study  of  volcanoes,  and  in  other  geological  investigations. 

Often  they  are  used  in  shallow  boreholes  to  get  away  from  surface  dis¬ 
turbances,  but  in  any  case,  they  require  careful  emplacement.  In  order 
to  actively  study  a  given  area  (other  than  to  observe  natural  tidal,  vol¬ 
canic  or  seismic  events)  one  would  administer  a  load/unload  cycle  on  the 
ground  in  the  civinity.  In  such  a  configuration,  a  tiltmeter  would 
readily  be  able  to  tell  whether  ledge  is  near  the  surface  by  the  compara¬ 
tive  stiffness  of  the  ground  and  by  the  distance  at  which  tilt  can  still 
be  observed.  Single  boulders,  however,  at  a  depth  comparable  to  their 
size,  would  have  only  a  very  small  effect  in  stiffening  the  surface  and 
would  thus  be  difficult  to  detect.  At  the  very  least,  a  dense  grid  of 
measurement  stations  would  be  necessary  to  indicate  their  presence.  The 
slowness  of  such  a  method  and  the  necessity  of  repeating  the  load/unload 
cycle  for  each  tiltmeter  location  would  be  a  great  problem  in  practice. 

We  conclude  that  tiltmeters  are  not  likely  to  be  cost-  and  time-effective 
in  this  application. 
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2.0  Analysis  -  Subtask  2. 

2.1  Underground  Radar. 

2.1.1  Basic  System. 


The  simplest  functional  block  diagram  of  the  underground  radar  is 
shown  in  Figure  2-1.  An  expanded  block  diagram  of  typical  electronics 
and  display  package  is  shown  in  Figure  2-2. 

This  system  is,  of  course,  functionally  identical  to  any  other 
radar  system,  especially  a  mapping  system  where  the  antennas  are  moved 
along  a  path  to  locate  and  identify  a  number  of  fixed  targets. 

There  are  a  number  of  major  differences,  however,  which  affect  the 
nature  of  the  signal  used,  the  design  of  the  antennas,  and  the  type  of 
signal  processing. 

The  first  difference  is  the  much  shorter  range  compared  with  normal 
above  ground  radar  practice.  Because  we  are  concerned  with  ranges  of  only 
a  few  meters,  the  round  trip  time  for  the  radar  pulse  is  much  shorter, 
usually  10  to  100  nanoseconds.  In  order  to  separate  the  direct-coupled 
transmitted  pulse  and  the  reflected  signals  in  the  time  domain,  a  pulse 
length  shorter  than  this  is  required.  Typically,  the  transmitted  pulse 
ranges  from  about  1  to  10  ns.  The  characteristics  of  a  very  short 
version  designed  for  detection  of  shallow  objects  are  shown  in  the  time 
and  frequency  domain  in  Figure  2-3. 

The  broad  frequency  band  and  short  time  response  results  in  peculiar 
receiver  and  antenna  design.  The  receiver  is  not  tuned  but  rather  is 
broad  band  and  must  use  sampling  techniques  to  convert  the  received 
signal  to  a  useful  form.  Digital  sampling  techniques  are  usually  used 
to  sample  each  successive  wavelength  and  reconstruct  a  similar  waveform 
in  the  audio  frequency  range  for  recording  and  display. 

Researchers  have  used  a  variety  of  antenna  types  including  folded 
dipoles,  bow-tie  structures,  and  horns.  Typically,  a  dipole  is  used 
which  is  resistively  loaded  to  increase  the  bandwidth  and  avoid  reso¬ 
nance.  Parallel  and  cross  polarity  between  the  transmitting  antenna  and 
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Basic  underground  radar  system. 


Figure  2-1 

Ref.  (57) 
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Charsctt ristics  of  the  impulse  source  in  time  and  frequency 
domain. 


Figure  2-3 


Ref.  (15) 
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the  receiving  antenna  are  both  used,  depending  upon  the  nature  of  the 
target  of  interest.  The  latter  is  preferable  for  pipes,  tunnels,  and 
artifacts,  while  the  former  is  better  for  planar  targets  such  as  strata 
and  ledges. 

2.1.2  Target  Depth. 

The  depth,  d,  to  a  target  can  be  expressed  as, 

CT 

d  -  -j-  meters  (2-1) 


where  C  =  wave  velocity  in  the  ground  m/s ec. 
t  ■  round  trip  time,  sec. 


The  dielectric  constant 


of  the  ground  may  be  expressed  as, 


(2-2) 


Thus,  combining  equations  (2-1)  and  2-2), 

C  t 

.  .  o 

r\ir  <2-3> 

r  8 

where  C  °  3  x  10  m/sec. 
o 

The  dielectric  constant,  er>  of  a  number  of  earth  materials  is  given  in 
Table  2-1.  It  can  be  seen  that  they  vary  over  a  range  of  at  least  30 
for  materials  of  interest.  Thus,  the  depth  will  be  unknown  within  a 
factor  of  5  or  6  unless  the  nature  of  the  local  ground  material  is  known 
or  the  system  is  calibrated  against  an  object  of  known  depth  at  the 
outset. 


A  problem  is  that  seasonal  variations  alone  can  change  the  ground 
constants  by  a  factor  of  3  and  a  50%  change  can  occur  over  a  10  foot 
spacing  (56).  Thus,  it  becomes  almost  mandatory  to  make  an  in  situ 
measurement  of  properties  or  a  calibration  if  results  are  required  to 
any  degree  of  accuracy. 

2.1.3  Attenuation. 


The  ground  is  a  very  lossy  medium  and  signal  attenuation  is  heavily 
dependent  upon  frequency,  moisture  content,  and  conductivity.  Variation 
in  penetration  from  less  than  a  foot  to  hundreds  of  feet  have  been 
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Table  2-1 


Approximate  VHF  Electromagnetic  Parameters 
_ of  Typical  Earth  Materials  _ 


Material 

Approximate 
Conductivity 
o  (mho/m) 

Approximate 
Dielectric 
Constant  cr 

Air 

0 

1 

Fresh  Water 

l(f  4to  3  x  10~2 

81 

Sea  Water 

4 

81 

Sand  "Dry" 

10_7to  10~ 3 

4  to  6 

Sand,  Saturated 

10_4to  10~2 

30 

(Fresh  Water) 

Silt,  Saturated 

-3  -2 

10  to  10 

10 

(Fresh  Water) 

Clay,  Saturated 

10-1to  1 

8  to  12 

(Fresh  Water) 

Dry,  Sandy,  Flat 

2  x  10~3 

10 

Coastal  Land 

Marshy,  Forested  Flat 

8  x  10~3 

12 

Land 

Rich  Agricultural  Land 

IQ"2 

15 

Low  Hills 

Pastoral  Land,  Medium 

5  x  10~3 

13 

Hills  and  Forestation 

Fresh  Water  Ice 

10_4to  10~2 

4 

Permafrost 

10_5to  10~2 

4  to  8 

Granite  (Dry) 

H* 

O 

00 

5 

Limestone  (Dry 

10-9 

7 

Ref.  (9) 
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measured  under  various  renditions.  The  attenuation  of  several  materials 
of  interest  was  calculated  by  Morey  (9)  as  shown  in  Table  2-2.  Since 
we  are  interested  in  a  -enetration  of  about  2  meters,  this  would  indi¬ 
cate  that  a  signal  in  the  100  MHz  range  could  be  used  in  most  cases  ot 
interest. 

However,  the  moist  soil  cases  of  Table  2-2  may  be  optimistic.  The 
highest  useful  conductivities  cited  by  any  of  the  prior  investigators 
was  50  millimhos/meter  or  0.05  mhos/m.  Referring  to  Table  2-1,  it  can 
be  seen  that  this  can  be  exceeded  in  the  case  of  saturated  clay  which 
is  not  uncommon.  Moreover,  at  least  one  investigator  felt  that  radar 
could  not  be  used  with  any  degree  of  reliability  where  the  conductivity 
exceeds  5  millimhos/meter.  This  can  occur  with  virtually  any  type  of 
soil. 

For  reference,  a  conductivity  map  of  the  15.  S.  showing  conductivity 
in  millimhos/m.  is  presented  in  Figure  2-4. 

All  of  the  information  obtained  during  interviews  suggested  that 
there  were  significant  areas  of  the  earth  where  the  use  of  underground 
radar  to  detect  objects  at  5  feet  will  not  be  feasible  due  to  signal 
attenuation  in  the  ground. 

2.1.4  Signal  Display. 

The  usual  practice  followed  by  investigators  and  equipment  developers 
to  date  is  to  display  the  processed  audio  signal  on  a  facsimile  x-y 
recorder.  In  this  display,  the  x-axis  represents  the  delay  time,  and 
thus,  is  proportional  to  the  depth  of  the  reflecting  surface  in  the 
ground  and  the  y-axis  is  controlled  in  some  manner  by  the  traverse  of 
the  antennas  along  the  path  of  travel. 

Two  such  displays  are  shown  in  Figures  2-5  and  2-6  (Geophysical 
Survey  Systems,  Inc.).  In  the  first  of  these,  a  boulder  is  visible  at 
the  edge  of  the  lake  bottom;  the  second  shows  peat  and  clay  veins  in 
the  ground. 

Many  of  these  facsimile  displays  obtained  by  all  of  the  prior 
investigators  were  studied  during  this  survey.  It  must  be  emphasized 
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Attenuation  in  Decibels/Meter 
Frequency  in  MHZ 


Material  JL _ 10 _ 100 _ 500 

Pure  Water  0.025  0.039  0.408  16.191 

Sandy  Soil  0.471  0.513  0.773  4.047 

(Moist) 

Clay  Soil  0.013  0.075  0.425  1.649 

(Dry) 

Clay  Soil  0.780  3.803  17.93  53.75 

(Moist) 

Sea  Water  34.50  108.54  326.65  592.03 

Granite  .732xlO-5  .732xl0-5  .723xlO-5  .732x10 

(Dry) 


Ref.  (9) 
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Facsimile  Display  of  a  Peat  Layer 


strongly  that  those  shown  in  Figures  2-5  and  2-6  are  spectacular  in 
comparison  with  most  surveys  that  we  have  seen. 

The  degree  of  imaging  provided  by  the  facsimile  display  along  with 
some  knowledge  of  the  local  geology  often  allows  a  skilled  individual 
to  identify  some  of  the  major  features  or  targets. 

However,  much  more  refined  signal  processing  will  likely  be  required 
for  use  by  relatively  unskilled  military  personnel  in  the  field. 

The  Terrascan  system  being  developed  by  Microwave  Associates  pro¬ 
vides  a  simple  digital  representation  of  the  actual  received  signal  in 
the  time  domain  along  with  a  depth  readout.  However,  the  operator  must 
decide  whether  the  signal  is  consistent  with  a  buried  pipe.  He  does  this 
by  the  variation  in  signal  as  the  pipe  is  approached  and  the  antenna  is 
rotated.  Such  a  system  requires  some  skill  and  is  too  slow  for  the  survey 
times  required  in  the  military  application. 

.  The  recent  work  done  by  Ohio  State  University  on  a  predictor-cor¬ 
relator  method  for  determining  the  characteristic  resonant  frequencies 
of  the  underground  object  provides  a  possible  direction  for  eliminating 
the  operator  decision  part  of  the  process  (15).  It  may  ultimately  be 
possible  to  program  a  device  to  recognize  groups  of  resonances  that  are 
typical  of  large  rocks  and  display  a  "Go  no-go"  signal  along  with  a  depth. 
This  sophistication,  however,  will  require  considerably  more  development, 
if,  indeed,  it  proves  possible. 

2.1.5  Outlook. 

In  summary,  the  state  of  the  art  for  underground  radar  allows  the 
detection  of  buried  obstacles  or  tunnels  at  5  foot  depths  in  many  earth 
conditions,  providing  skilled  operators  with  some  idea  of  the  underground 
features  are  interpreting  the  processed  data. 

To  go  the  next  step  to  a  field  device  to  be  used  in  advance  of  rapid 
military  excavation  will  require  significant  development  effort  before 
feasibility  can  be  determined  or  demonstrated.  It  is  believed  that  the 
following  sequential  steps  are  logical  for  this  development  effort: 
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•  Field  tests  should  be  run  with  an  available  system  In  the 
geographical  areas  of  Interest  (e.g.,  Europe,  Middle  East, 

Far  East,  etc.)*  If  a  given  location  has  significant 
seasonal  groundwater  variation,  tests  should  be  run  at 
different  seasons.  Tests  should  include  buried  obstacles 
or  cavities  of  the  types  that  would  interfere  with 
excavation. 

•  If  the  basic  system  still  appears  promising  after  such 
tests,  a  program  to  develop  effective  target  recognition 
or  imaging  equipment  should  be  conducted. 

2.2  Seismic  Methods. 

2.2.1  Basis. 

Seismic  methods  of  shallow  excavation  directly  sense  those  very 
properties  of  the  soil  that  affect  its  excavatability .  For  example, 
there  is  a  marked  difference  in  the  magnitude  of  seismic  velocities 
between  the  various  soils  and  rocks  as  shown  in  Table  2-3;  that  is  the 
chief  advantage  of  these  methods  over  others.  Electrical  properties  of 
the  soil,  by  comparison,  would  need  to  be  correlated  by  geological 
experience  to  soil  mechanical  properties. 

2.2.2  Seismic  Waves. 

Seismic  surveys  are  based  on  observing  the  propagation  of  waves 
through  the  ground.  These  may  be  (longitudinal)  compressional  waves  or 
(transversal)  shear  waves.  These  are  also  other  modes  of  wave  propa¬ 
gation:  the  so-called  Rayleigh  and  Love  waves,  which  occur  along  or  near 
the  surface  of  the  ground.  However,  these  do  not  generally  appear  to  be 
useful  for  shallow  excavation  surveys.  In  fact,  they,  as  well  as  acoustic 
transmission  through  the  air,  contribute  spurious  signals  and  inter¬ 
ference  to  seismic  surveys. 


Compressional  waves  propagate  with  the  following  velocity  (52) : 


V  a  — - %  /— L  ~  ■?  — 

p  p  V (l-2o)  (l+o) 

where  Poisson's  constant 


Aw/v 
0  "A l/ Z 


(2-4) 

(around  a  53  0.3  for  rock  and 


0.1  to  0.5  for  soils)  p  is  the  density,  and 

E  is  the  modulus  of  elasticity 
(Young's  modulus). 
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Table  2-3 


Typical  Seismic  Comptesslonal  Velocities 


Material 

Ft/Sec 

M/Sec 

Igneous  at  Shallow  Depth 

Granite 

15,750 

-  18,500 

4,800 

-  5,600 

Diorite 

19,000 

5,800 

Gneiss 

11,500 

3,500 

Sedimentary  Rocks 

Limestone 

5,600 

-  23,200 

1,700 

-  7,100 

Marble 

12,300 

-  22,750 

3,700 

-  6,900 

Chalk 

8,465 

2,600 

Slate 

14,000 

4,300 

Unconsolidated  Sediments 

Wet  Clay 

4,900 

-  5,400 

1,500 

-  1,650 

Sand  (Tight) 

2,000 

-  6,100 

600 

-  1,850 

Sand  (Loose) 

655 

(min.  meas.) 

200 

Soil 

360 

-  660 

110 

-  200 

Taius 

260 

-  850 

80 

-  260 

Weathered  Layer 

1,000 

-  3,000 

300 

-  900 

Gravel,  Rubble,  or  Dry  Sand 

1,500 

-  3,000 

450 

-  900 

Water 

4,700 

-  5,500 

1,400 

-  1,700 

Ice 

12,050 

3,670 
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Shear  waves  travel  at  a  velocity: 


v  .-,/H  H -  (2-5) 

Va  V  p  2(1+0) 

which  is  always  less  than  the  compresslonal  wave  velocity  (by  a  factor 
around  2  to  3).  (58)  Shear  waves  can  be  polarized,  being  transversal. 
Independent  measurement  of  shear  and  compression  wave  velocities  allows 
calculation  of  Poisson's  ratio  and  the  shear  modulus.  This  is  particu¬ 
larly  useful  for  soil-mechanical  studies  of  foundations  and  their 
rigidity  and  stability.  Density  and  modulus  affect  both  velocities 
similarly,  and  therefore  cannot  be  separated  in  this  way.  Density  must 
be  estimated  and  independently  to  compute  modulus. 

Rayleigh  waves  are  yet  slower  than  shear  waves,  and  their  velocity 
depends  on  frequency,  lower  frequencies  propagating  typically  faster. 

At  higher  frequencies  where  the  wavelength  is  small  compared  to  the  depth 
of  the  top  layer  their  speed  is  about  9/10  of  the  shear  velocity  ±n  that 
layer . 

Shallow  seismic  work  uses  compressional  waves  only  because  they 
always  are  the  first  useful  signals  to  arrive.  First  signals  stand  out 
clearly  on  a  recording  and  are  easiest  to  time,  in  particular,  when 
simple  impulse  sources  are  used. 

Unfortunately,  sources  acting  on  the  surface  of  the  ground  tend  to 
excite  a  large  amount  of  surface  waves,  which  may  arrive,  in  spite  of 
their  slower  velocity,  earlier  than  the  wanted  signal  from  a  reflecting 
subsurface  layer. 

2.2.3  Seismic  Impulse  Sources. 

While  pure  shear  waves  are  difficult  to  excite,  as  a  twisting  or 
torsional  moment  has  to  be  applied  to  the  ground,  the  excitation  of  com¬ 
presslonal  waves  is  comparatively  simply  accomplished  by  mechanical  im¬ 
pact.  A  blow  with  a  sledgehammer  on  a  plate  on  the  ground  or  from  a 
falling  weight  will  typically  generate  enough  compressional  wave  signal 
to  propagate  low  frequencies  (less  than  100  Hz)  some  tens  to  hundreds  of 
feet,  while  for  longer  ranges  (as  in  oil  exploration),  explosive  charges 
are  more  practical.  Impact  sources  at  the  surface,  being  generally 
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directional  and  unsymmetrical,  also  put  out  large  amounts  of  shear  wave 
energy  which  must  be  discriminated  against,  by  their  slower  velocity,  in 
the  interpretation  of  the  data.  The  elastic  limits  of  the  soil  set  a 
definite  upper  limit  to  the  energy  that  can  be  imparted  to  the  ground. 

At  some  power  density,  the  ground  ceases  to  behave  as  an  elastic  body 
and  an  increasing  portion  of  the  impact  energy  is  dissipated  on  the  spot 
rather  than  propagated  as  a  wave.  The  situation  is  improved  by  imposing 
a  suitable  mechanical  matching  system — a  steel  plate  in  the  simplest 
case — between  "hammer"  and  soil.  However,  direct  mechanical  impulse 
in  particular,  for  the  generation  of  high  frequencies,  is  definitely 
limited  by  this  effect. 

For  the  shallow  survey  work  under  consideration  here,  available 
commercial  systems  typically  use,  quite  successfully,  a  simple  sledge¬ 
hammer  impulse  source*. 

One  might  propose  the  use  of  a  gun  to  fire  a  projectile  into  the 
ground.  This  has  been  found  (58)  not  to  work  well  because  of  the  gross 
mismatch  in  weight  and  velocity  of  the  projectile  to  the  properties  of 
the  ground.  Gas  exploders  (58)  are  used  commercially  but  are  rather 
heavy. 

Most  of  the  practical  experience  has  been  with  seismic  frequencies 
below,  say,  200  Hz.  In  our  application,  frequencies  around  1000  Hz  will 
be  needed  to  achieve  the  required  resolution  around  one  foot.  Present 
simple  sources  do  not,  apparently,  function  well  at  those  frequencies, 
and  some  development  effort  would  be  needed  to  identify  or  to  design 
more  suitable  ones.  Modulated  vibrators,  discussed  in  the  next  section, 
look  promising. 

2.2.4  Seismic  Vibratory  Sources. 

Some  recent  systems  employ,  instead  of  impulse  excitation,  a 
vibratory  excitation  over  a  comparatively  long  time  period.  The  neces¬ 
sary  signal-to-noise  ratio  at  the  geophones  and  receivers  is  obtained 
in  that  system  not  from  one  or  a  few  cycles  of  very  large  amplitude, 
but  from  frequency-  or  phase-coded  waveforms  of  lesser  and  constant 

*For  example:  Bison  Instruments,  Minneapolis,  Minnesota 
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amplitude  but  long  duration.  Evidently  a  pure  sinusoid  can  be  received 
with  better  and  better  signal-to-noise  ratio  as  observation  time  Is  in¬ 
creased.  In  that  situation,  the  signal  adds  coherently  in  time  while 
noise  adds  incoherently.  Alternatively,  the  effect  could  be  described 
as  the  result  of  a  very  narrow  bandwidth  (if  A?  1/observation-time) .  This 
reduces  noise  power  by  reducing  the  effective  bandwidth  while  not  affect¬ 
ing  the  single  frequency  signal. 

However,  a  pure  sinusoid  does  not  allow  timing  its  "arrival",  and 
thus  cannot  be  used  to  measure  travel  time.  To  do  that,  some  coding, 
i.e.,  modulation,  is  required.  The  simplest  such  code  is  to  transmit 
only  one  or  a  few  cycles,  as  in  the  impulse  source.  This  is  what  a 
seismic  hammer  blow  does  or  the  capacitor  discharge  into  the  antenna  of 
a  videopulse  ground-penetrating  radar.  However,  such  coding  by  amplitude 
modulation  will  lead  to  a  severe  problem  of  dynamic  range,  that  is, 
excessive  peak  powers  are  required  at  the  transmitter  in  order  to  obtain 
from  one  impulse  a  sufficient  signal-to-noise  ratio.  This  can  be  im¬ 
proved  only  by  repeating  the  process  and  coherent  addition  of  the  result¬ 
ing  signals — a  comparatively  slow  procedure.  In  contrast,  frequency  or 
phase  modulation  can  time-code  the  transmitter  signal  and  improve  signal- 
to-noise  ratio  without  increasing  the  dynamic  range.  (59)  Phase  modu¬ 
lation  (although  successfully  used  in  some  radar  systems)  is  difficult 
to  realize  in  a  mechanical  vibrator,  while  frequency  modulation,  i.e., 
a  "chirp",  is  comparatively  easy.  A  very  successful  system  under  the 
name  "Vibroseis”  is  based  on  this  scheme. 

Truck-mounted  vibrators  exist  for  such  frequency-modulated  signals 
that  are  powerful  enough  to  do  deep  seismic  exploration.  In  many  cases 
they  have  eliminated  the  need  for  explosive  charges  to  reach  great  depths. 
The  signals  are  picked  up  by  conventional  geophones  and  fed  from  there 
to  correlators  where  they  are  processed  together  with  a  reference  wave¬ 
form  from  the  vibrator  source.  These  correlators  can  be  partly  passive 
analog  circuits  or,  more  recently,  are  realized  by  digital  computation. 

The  geophones  and  receivers  are  designed  with  particular  care  not  to  pro¬ 
duce  amplitude,  phase  and  delay  distortion  in  the  passband  of  interest 
between  the  seismic  signal  and  the  correlator.  The  result  of  the 
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correlation  computation  is  suppression  of  uncorrelated  noise  and  spurious 
signals  (such  as  surfaae  waves),  and  a  determination  of  the  time  shift 
between  the  transmitted  and  the  received  waveform.  This  yields  a  measure¬ 
ment  of  travel  time  and  thus  of  seismic  velocity.  Not  only  does  this 
method  eliminate  the  need  for  strong  impulse  sources,  but  it  also  lends 
itself  particularly  well  to  signal  enhancement  by  repeating  the  process, 
the  "chirp",  over  and  over  in  order  to  increase  the  accuracy  by  coherent 
adding  of  the  wanted  signals  and  better  and  better  rejection  of  the 
typically  incoherent  ambient  disturbances  and  system  noise. 

In  conclusion,  these  "chirp"  systems,  while  more  complex,  are  in¬ 
herently  superior  to  older  methods  to  excite  and  receive  and  evaluate 
seismic  waves.  Whether  this  extra  performance  is  required  for  our 
shallow  survey  task  is  not  clear  at  this  stage.  Their  most  important 
contribution  may,  in  fact,  be  the  suppression  of  noise  and  disturbances. 

2.2.5  Seismic  Receivers. 

The  geophone  is  the  usual  seismic  receiver.  It  is  typically  directly 
sensitive  to  velocity  as  it  normally  consists  of  a  low-tuned,  compara¬ 
tively  heavy  voice  coil  held  by  a  spring  in  a  magnetic  field.  The  out¬ 
put  of  that  coil  is  directly  proportional  to  ground  velocity  when  the 
geophone  body  moves  with  the  ground  while  the  voice  coil  stands  still  in 
space,  due  to  its  inertia.  Such  a  geophone  is  directional,  and  it  is 
emplaced  by  the  operator  so  that  it  responds  to  vertical  velocity  when 
used  with  compressional  wave  surveys. 

Typical  geophones  have  self-resonant  frequencies  below  10  Hz,  i.e., 
they  are  useful  for  frequencies  above  10  Hz.  The  upper  cutoff  of  the 
system  is  set  in  the  amplifiers  at  a  few  hundred  Hz  in  common  shallow 
surveys.  For  our  application,  greater  resolution  is  needed  to  detect 
single  boulders.  Therefore,  our  system  would  use  higher  frequencies  of 
the  order  of  2000  Hz.  This  would  generally  allow  making  the  geophone  of 
higher  resonant  frequency  thus  smaller  and  more  rugged. 

It  may  even  be  advantageous  to  employ  piezoelectric  accelerometers 
Instead  of  the  present  velocity-sensitive  geophones.  In  a  sinusoidal 
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vibration,  displacement,  velocity,  and  acceleration  are  related  by: 

S  ■  S  sin  wt  (m) 
o 

v  ■  us  cos  t  (m/sec) 
o 

2  2 

a  •  -w  s  sin  ait  (m/sec  ) 
o 

At  higher  frequencies  to,  measurement  of  acceleration  becomes  thus  an 
easier  means  to  measure  and  characterize  a  vibration  than  measurement  of 
displacement  or  velocity.  Accelerometers  are  high-tuned,  i.e.,  their 
self-resonant  frequency  lies  above  the  band  of  interest.  They  are  there¬ 
fore  small  and  rugged  and,  as  a  piezoelectric  device,  much  less  expensive 
than  present  geophones.  They  would  constitute  an  electrical  signal  source 
of  much  higher  impedance  and  lesser  power  output  than  present  velocity 
geophones,  but  different  amplifier  designs  can  easily  make  up  for  that. 

2.2.6  Reflection  Surveys. 

A  compressional  wave  is  reflected  at  an  interface  where  the  acoustic 
impedance  changes  abruptly.  For  the  case  of  perpendicular  incidence  on  a 
flat  interface,  the  amplitude  ratio,  i.e.,  the  reflection  coefficient  is 
given  by: 


xr/xi 


P2V2~P1V1 

p2V2+piVi 


(2-6) 


where  is  the  acoustic  impedance  of  the  respective  medium.  As  the 

variations  in  density  between  different  formations  are  usually  very  much 
less  than  the  variations  in  modulus,  the  influence  of  the  latter  will 
dominate  in  most  situations.  This  will  be  particularly  true  in  our  case 
of  rock  imbedded  in  soil. 

When  the  reflecting  surface  is  irregularly  shaped  or  the  reflecting 
object  is  of  the  order  of  the  wavelength  or  smaller,  the  shape  of  the 
wavefront  is  changed  entirely  by  the  reflection,  i.e.,  the  wave  is 
scattered.  For  objects  very  small  compared  to  a  wavelength,  the  scatter¬ 
ing  efficiency  drops  with  a  high  power  of  the  linear  dimension  and  objects 
much  smaller  than  the  wavelength  become,  in  practice,  undetectable.  Irre¬ 
gularly  shaped  objects  larger  than  a  wavelength  give  returns  which  may  or 


2-19 


Arthur  1)1  ittlc  If 


may  not  be  specular  in  some  direction,  depending  on  the  shape  and  orien¬ 
tation  of  the  object.  One  result  is  that  the  return  from  a  uniform 
scatterer  falls  off  with  the  square  of  the  range  (in  amplitude),  while 
the  return  from  a  specular  reflector,  perpendicular  to  the  line  of  sight, 
falls  off  linearly  with  range. 

In  our  case,  the  problem  is  to  detect  ledge  or  large  obstacles 
within,  say,  six  feet  of  the  surface.  Obstacles  smaller  than  perhaps 
three  feet  in  diameter  could  be  removed  by  most  excavating  machines  and 
are  therefore  of  little  interest.  A  wavelength  of  one  foot  or  less  would 
therefore  appear  capable  of  resolving  the  obstacles  of  interest  and  of 
giving  an  unambiguous  indication  that  they  are  located  within  the  compara¬ 
tively  shallow  depth  of  interest.  As  discussed  before,  purely  sinusoidal 
signals  cannot  measure  range,  and  therefore  either  a  real  or  a  synthetic 
impulse  is  required.  This  will  then  contain  a  spectrum  of  frequencies, 
although  that  spectrum  need  not  be  extremely  wide  in  our  case  because 
the  required  relative  range  resolution  is  so  modest. 

Reflections  at  the  surface  of  the  ground  could  become  a  serious  prob¬ 
lem  in  a  practical  embodiment  of  the  reflection  method  to  find  underground 
obstacles.  Source  and  geophone  must  be  coupled  well  to  the  ground  in 
order  to  attain  reasonable  efficiency  and  to  keep  such  unwanted  reflections 
down.  They  must  be  designed  for  operation  against  an  acoustic  impedance 
typical  of  soil,  not  of  air.  Since  compressional  waves  will  be  used, 
liquid  coupling  to  the  ground  could  be  most  useful. 

In  conclusion,  reflection  surveys  respond  to  differences  in  acoustic 
Impedance.  By  themselves,  they  give  no  data  as  to  the  absolute  seismic 
properties  of  the  media  on  the  two  sides  of  the  interface,  but  only  on  the 
geometric  configuration  of  the  subsurface  formation.  Reflection  would 
therefore  appear  to  be  well  suited  for  the  direct  and  simple  detection  of 
boulders,  other  obstacles,  and  cavities  beneath  a  source-geophone  combi¬ 
nation.  Technical  problems  would  be  expected  in  obtaining  sufficient 
coupling  of  this  device  to  the  ground  and  from  direct  coupling  of  surface 
waves  from  the  source  to  the  receiver. 
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2.2.7  Refraction  Survey. 

This  is  the  classic  seismic  method  originally  applied  to  the  inter¬ 
pretation  of  earthquake  signals.  It  involves  laying  out  a  linear  or 
spatial  array  of  typically  one  geophone  and  several  sources  (hammer  blows) 
and  then  recording  the  arriving  signals  (See  Figure  2-7).  These  are 
typically  compressional  waves  that  have  been  refracted  by  the  (horizon¬ 
tally  layered)  formations  of  higher  sound  velocity  which  typically  under¬ 
lie  a  formation  of  lower  velocity.  The  geophones  are  located  beyond  some 
minimum  distance  from  the  source.  The  earliest  arriving  signal  will,  in 
that  case,  have  traveled  from  the  source  downward  at  the  critical  angle: 

i  =  arc  sin  V  /V,  (2-7) 

col 

until  it  hits  the  interface  of  the  formation.  There  it  will  be  refracted 
exactly  parallel  to  the  interface  because  it  arrived  exactly  at  the 
critical  angle;  it  will  follow  that  interface  exactly,  and  it  will  finally 
return  upward  to  the  receiver  at  the  same  angle  1£.  The  two  figures, 
Figure  2-8  and  Figure  2-9,  were  taken  from  Dobrin  (52)  and  are  self- 
explanatory  in  illustrating  these  principles.  After  the  arrivals  at 
several  geophone  locations  are  recorded,  the  arrival  data  have  to  be 
interpreted  by  fitting  them  to  a  suitable  model  of  the  subsurface  for¬ 
mation.  This  is  comparatively  simple  under  the  assumption  that  the  sub¬ 
surface  consists  of  discrete  horizontal  layers  where  the  velocity  always 
Increases  to  greater  depths.  If,  however,  a  low  velocity  layer  underlies 
a  high  velocity  one,  the  method  fails  because  the  rays  are,  in  that  case, 
refracted  downward  at  the  interface  and  are  not  guided  along  it.  The  low 
velocity  layer  is  not  detectable  in  that  case.  Fortunately,  this  situ¬ 
ation  is  rare  and  quite  unlikely  to  occur  in  our  case  of  shallow  refrac¬ 
tion  surveys. 

Refraction  would  appear  to  be  well  suited  therefore  to  detect  ledge 
at  shallow  depths.  The  very  large  velocity  contrast  would  make  detection 
easy.  However,  refraction  appears  not  well  suited  to  the  detection  of 
discrete  boulders  unless  the  survey  spacing  were  to  be  made  so  narrow  that 
the  relatively  small  high  velocity  volumes  could  be  detected.  In  that 
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Figure  2-7  (Caterpillar,  Ref.  60) 

The  solid  lines  mark  the  early  signals. 
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Figure  2-8  (Dobrin,  Ref.  52) 


Figure  2-9  (Dobrin,  Ref.  52) 
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case,  a  refraction  survey  would  be  very  slow  because  the  spacing  must  be 
of  the  same  order  of  magnitude  as  the  size  of  the  obstacles  and  their 
maximum  depth. 

A  significant  advantage  of  refraction  methods  over  reflection  is 
their  ability  to  yield  absolute  estimates  of  velocity  (see  Figure  2-10) 
and  thus  of  mechanical  properties.  Apparently  good  correlation  exists 
between  velocity  and  excavatability .  As  said  before,  the  densities  of 
soil  and  rock  do  not  vary  nearly  as  much  as  their  moduli.  Seismic 
velocity  of  compression  wave  is  therefore  a  good  indicator  of  modulus 
alone  and  thus  of  excavatability  or  rippability.  Illustrative  data  are 
given  in  Figures  2-11  and  2-12  and  Tables  2-4,  2-5,  taken  mostly  from 
Ref.  60  and  62. 

2.2.8  Attenuation  of  Seismic  Waves. 

The  propagation  of  a  compressional  or  transversal  seismic  wave  in  a 
homqgeneous  medium  takes  place  in  all  directions,  i.e.,  spherically.  On 
a  scale  large  compared  to  the  wavelength,  the  energy  must  therefore  fall 
off  with  the  square  of  the  distance  and  the  amplitude  linear  with  dis¬ 
tance.  In  analogy  to  optics,  these  spreading  losses  can,  of  course,  be 
reduced  by  suitable  beam  shaping,  e.g.,  by  arrays  of  the  sources. 
Receivers  can  also  be  set  up  to  shape  their  directional  characteristics. 

In  addition  to  these  purely  geometric  effects,  the  medium  is  not 
perfectly  elastic  and  therefore  has  inherent  loss  mechanisms  that  convert 
part  of  the  wave  energy  into  heat.  The  result  will  be  a  constant  frac¬ 
tional  attenuation  per  unit  length,  described  by: 

E  -  E  e~aX  (2-8) 

o 

where  x  is  the  distance  and  a  an  attenuation  coefficient  measured  in  the 
above  formula  in  Neper/unit  length  (or  dB/unit  length  if  powers  of  ten 
are  used).  In  agreement  with  theoretical  considerations,  this  attenu¬ 
ation  is  found,  in  practice, to  be  approximately  proportional  to  frequency. 
Measured  attenuation  coefficients  are  well  represented  by: 

a  (Neper/unit  length)  (2-9) 

where  v  is  the  velocity  of  the  wave,  f  its  frequency,  \  its  wavelength, 
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Figure  2-10 

Compressional  Velocities  for 
Typical  Overburden  Materials 


(Mostly  from  Lagacc,  Ref.  61) 
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Figure  2-11  (Coal  Ace,  September  1979) 
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Figure  2-12  (Caterpillar,  Ref.  60) 
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Table  2-4 


Excavation  Effort  by  Dredging  vs.  Seismic  Velocities- 


Velocity 
(ft. /sec.) 

Probable  Excavation 
Characteristics 

6.000 

Mostly  easy  ci  normal 
dredging 

6.500 

Normal  excavation  with, 
very  little  hard  dt  edging 

7,000 

Little  not  mil  to  '.•or'r' 
normal  and  some  hard 

7.500 

Little  normal  and  some 
hard  or  mostly  hard 

8.000 

Very  hard  dt edging 

8,000  to 
10,000 

Assume  Blasting 

(from  Ref.  62) 
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Table  2-5 


Typical  Q's,  logarithmic  decrements, 
velocities,  and  frequencies  for 
_ 30  cm  1  ft.  wave-length _ 

,  V  f  (for  A/~l  ft.) 

3-ir/Q  p 


Formation 

Q 

(Neper/wave) 

(m / sec) 

(Hz) 

Weathered  Layers 

Pottsville  sandstone 

7 

0.45 

2,500 

assumed 

8,200 

Pierre  shale 

23 

0.14 

2,200 

7,200 

Weathering  zone 

15 

0.21 

1,200 

4,000 

Weathering  zone 

10 

0.31 

600 

2,000 

Rock 

Dolomite 

200 

0.016 

4,900 

16,000 

Limestone 

180-120 

0.017-0.026 

5,000-5,500 

17,000 

Sandstone 

50 

0.063 

2,500 

8,200 

Sandstone 

50 

0.063 

3,000 

9,800 

Granite 

125-160 

0.025-0.020 

4,300-4,500 

14,400 

Compiled  from  White  (Ref.  63)  and  Lagace  (Ref.  61) 
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and  Q  a  "quality  factor"  of  the  formation.  We  can  eliminate  the  wavelength 
from  the  above  equation  and  arrive  at  an  expression  for  attenuation  per 
wavelength,  i.e.,  for  logarithmic  decrement: 

d'vir/Q  (Neper/wavelength)  (2-10'' 

In  a  vibratory  system,  the  fractional  energy  losses  per  cycle  and  also 
the  fractional  width  of  the  resonance  curve  are  both  described  by  the 
same  quantity  Q.  This  same  numerical  value  also  applies  to  the  attenu¬ 
ation  of  a  propagating  seismic  wave.  The  quality  factor  Q  can  thus  be 
measured  independently  in  the  laboratory,  and  it  is  known  for  many  rocks 
and  types  of  soil.  Table  2-5  gives  representative  values  for  compressional 
waves.  Attenuation  coefficients  for  shear  waves  tend  to  be  several  times 
larger  than  for  compressional  waves.  They  are  not  included  in  this  data. 

Equation  2-10  is  particularly  useful  because  it  gives  a  clear  guide 
to  the  choice  of  wavelength  for  a  given  configuration.  An  object  of  a 
given  size  has  to  be  detected  at  some  given  range.  First,  the  wavelength 
must  be  smaller  than  the  object  in  order  to  resolve  it,  or  at  least  to 
produce  a  substantial  backscatter  signal.  Second,  the  range  is  limited 
by  the  allowable  total  transmission  less  (round  trip,  in  the  case  of  a 
reflection  method).  That  allowable  transmission  loss,  in  turn,  is  deter¬ 
mined  by  the  ambient  and  system  noise  level  at  the  geophones  and  by  the 
power  that  can  be  injected  into  the  ground  by  the  source.  Since  resolution 
and  loss  can  both  be  measured  not  in  units  of  length  but  in  units  of  wave¬ 
length  (and  regardless  of  frequency) ,  the  choice  of  wavelength  becomes 
straightforward.  The  configuration  can  then  be  scaled  by  changing  fre¬ 
quency,  but  the  maximum  ratio  of  range  to  resolution  is  always  uniquely 
determined  by  the  allowable  total  loss. 

The  result,  in  our  particular  case,  is  that  very  high  attenuation  per 
wavelength  is  permissible.  We  need  to  detect  obstacles  of,  say,  three  feet 
diameter  at  distances  of,  say,  six  feet  in  a  weathering  zone  of  compara¬ 
tively  low  Q.  A  Q  of  7  would  lead  to  a  logarithmic  decrement  around  1/2 
Neper  per  wave.  If  we  employ  wavelengths  of  about  one  foot  for  good  reso¬ 
lution,  we  would  expect  a  round  trip  attenuation  around  6  Neper,  corres¬ 
ponding  to  a  factor  of  400.  A  wavelength  of  one  foot  in  soil  might 
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correspond  to  a  frequency  around  2,000  Hz.  Geometric  spreading  losses  by 
the  irregularly  shaped  obstacles  (instead  of  the  specular  reflection  one 
would  expect  from  ledge)  will  reduce  the  signal  level  further.  However, 
there  is  little  doubt  that  the  total  amplitude  losses,  of  the  order  of 
1,000,  could  readily  be  tolerated  by  even  a  comparatively  simple  seismic 
source  and  detection  system.  Problems  can  be  expected  from  the  direct 
arrival  of  surface  waves,  however,  and  field  data  would  have  to  he  obtained 
on  these  phenomena  in  a  typical,  practical  set-up. 

2.2.9  Display  of  Seismic  Survey  Results. 

The  ideal  output  from  the  excavation  obstacle  sensor  would  be  a 
large  and  simple  "Go-no  go"  signal. 

However,  no  seismic  methods  have  come  to  our  attention  that  would 
promise  such  an  unambiguous  automatic  answer  in  all  situations.  To  even 
partially  automate  the  evaluation  process  would  require  a  large  develop¬ 
ment  effort,  although  the  final  hardware  would  probably  not  be  particu¬ 
larly  expensive.  The  main  problem  would  lie  in  defining  the  statistics 
of  obstacles  and  the  statistics  of  the  background  and  clutter  against 
which  these  obstacles  have  to  be  detected.  Detection  theory  is  well 
developed  from  radar  and  sonar  technology  and,  as  soon  as  target  and 
background  statistics  are  known,  will  lead  to  conclusive  answers.  It  may 
turn  out,  however,  that  the  necessary  trade-off  between  "missed  targets" 
and  "false  alarms"  will  be  difficult. 

Also,  the  emplacement  of  the  measurement  stations  would,  in  any  case, 
require  some  minimum  skill  and  understanding  of  the  methods  by  the  oper¬ 
ator.  These  stations  are  necessary  because,  so  far,  no  seismic  apparatus 
appears  to  exist  that  can  simply  be  rolled  over  the  terrain  in  a  continuous 
motion  in  the  same  way  as  the  ground-penetrating  radar  can. 

An  automated  excavation  obstacle  sensor  with  a  high  false  alarm  rate 
might,  in  fact,  be  worse  than  no  sensor  at  all.  At  best,  it  would  merely 
discredit  the  method.  But  at  worst,  it  would  lead  to  the  mistaken  abandon¬ 
ing  of  a  tactically  good  site  for  a  field  fortification.  In  most  systems 
false  alarms  are  a  serious  problem.  But  in  our  case,  they  are  not  only 
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psychologically  bad,  but  particularly  pernicious  to  the  ultimate  purpose 
of  the  excavation  system. 

In  view  of  this,  it  would  appear  that  some  minimum  skill  and  under¬ 
standing  are  absolutely  required  of  the  men  who  plan  and  execute  the 
excavation.  In  that  case,  automatic  signal  processing  to  a  "Go-no  go" 
signal  may  not  be  necessary,  and  a  visual  display  (on  a  CRT)  of  the 
seismic  results  clearly  has  the  best  potential.  It  will  use  the  pattern 
recognition  ability  of  the  operator;  and  it  will  place  the  output  in  a 
self-explanatory  and  intuitively  understandable  relation  to  the  terrain 
around  him.  Perhaps  more  important,  it  will,  in  most  cases,  tell  when 
the  sensor  has  failed  either  because  it  has  met  a  condition  it  cannot 
cope  with  or  because  it  is  not  used  correctly. 

2.2.10  Seismic  Holography. 

Holography  brought  strikingly  novel  results  when  it  was  first  applied 
to  optical  imaging  problems.  Until  the  advent  of  strong  coherent  optical 
sources  (i.e.,  lasers),  imaging  consisted  of  recording  the  energy  dis¬ 
tribution  in  the  image  plane,  but  not  the  amplitude  and  phase  in  the  wave- 
front  from  the  object.  Films  and  photodetectors  are  "quadratic",  which 
means  they  respond  to  energy  density  and  do  not  record  the  phase  of  the 
incident  wave.  In  holography,  an  optical  reference  wave  is  added  to  the 
wave  scattered  by  the  object  before  the  sum  of  the  two  waves  is  squared 
and  the  integral  recorded  on  film.  Phase  information  is  thus  stored  in 
addition  to  amplitude. 

In  acoustic  or  seismic  imaging,  on  the  other  hand,  the  waves  have 
always  been  recorded  by  linear  receivers,  and  the  output  of  the  geophone 
is  an  exact  electrical  replica  of  the  input,  including  phase.  Also,  the 
rate  of  information  in  a  seismic  wave  is  small  compared  to  the  one  in 
optical  imaging.  Comparatively  simple  electrical  processing,  using  a 
reference  signal  from  the  source,  can  generate  a  seismic  hologram  which 
entirely  describes  the  seismic  wavefront.  The  image  can  be  reconstructed 
by  standard  holographic  techniques  if  a  suitable  modulator  for  an  optical 
wavefront  can  be  made  from  the  acoustic  hologram.  A  better  approach, 
though,  is  to  compute  the  reconstruction  of  the  object  and  to  display  it 
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from  the  computer's  output .  Several  methods  to  do  this  are  known  and 
corrections  for  velocity  inhomogeneities,  for  different  viewpoints,  for 
suppression  of  clutter,  and  to  generate  images  from  different  locations 
can,  to  some  degree,  be  included  in  the  reconstruction.  In  our  particu¬ 
lar  application,  fortunately,  neither  the  spatial  resolution  nor  the 
field  of  view  nor  the  amplitude  resolution  ("gray  scale"  in  optics)  need 
to  be  good,  and  this  would  significantly  reduce  the  required  computational 
effort. 

A  problem  in  acoustic  holography,  as  with  any  acoustic  imaging 
method,  are  the  generally  unknown  and  fairly  large  velocity  inhomogeneities 
in  the  bulk  medium.  These  would  be  analagous  to  variations  of  optical 
index  of  refraction  in  holography.  In  our  case,  however,  little  accuracy 
is  required  in  the  image.  As  long  as  the  system  yields  a  clear,  although 
distorted,  view  of  the  obstacle,  it  would  be  useful.  Substantial  errors 
in  scale  are  tolerable,  as  we  typically  will  be  searching  for  three  foot 
objects  at  six  foot  distances. 

Attentuation  is  also  not  a  serious  problem  in  our  application, 
because  of  the  short  range.  This  and  the  permissible  coarse  resolution 
make  a  total  round-trip  range  of  only  a  few  tens  of  waves  quite  sufficient. 
Even  in  the  weathering  zone  near  the  surface  such  ranges  can  be  attained 
at  tolerable  round-trip  losses.  In  fact,  a  modestly  high  attenuation  may 
even  be  beneficial  in  suppressing  multiple  reflections.  One  round  trip 
may  have  an  attenuation  of,  say,  -60  dB,  and  if  the  gain  of  the  system  is 
set  for  approximately  this  signal  level,  then  a  second  round  trip,  either 
in  an  unwanted  reflection  from  the  surface  or  as  a  return  from  deeper 
structures,  would  be  very  effectively  suppressed.  This  would  be  especially 
beneficial  in  holography,  where  a  CW  source  of  seismic  waves  would  typi¬ 
cally  be  used  and  where  signals  are  not  inherently  coded  by  arrival  time, 
i.e.,  by  range.  It  is  possible  to  take  holograms  from  short  bursts,  but 
signal-to-noise  ratio  would  clearly  be  improved  by  extended  observation 
times,  thus  requiring  long  wavetrains  and  inviting  problems  from  multiple 
reflections  and  deep  structures. 

Another  benefit  of  holographic  method  lies  in  the  fact  that  not  the 
complete  time  record  from  each  receiver  station  (geophone)  but  only  the 
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integrated  holograph  value  generated  from  signal  and  reference  wave  needs 
to  be  stored  for  each  location.  This  collection  of  the  data  clear Iv  does 
not  need  to  be  done  simultaneously  from  the  whole  array.  It  can  be  dis¬ 
tributed  in  time  by  moving  the  receiver  or  the  source  from  station  to 
station,  thus  synthesizing  a  "scanned  hologram". 

In  conclusion,  holography  by  itself  does  not  provide  any  improved 
seismic  detection.  It  does  nothing  which  other  well  developed  seismic 
evaluation  techniques  could  not  do,  and  it  is,  of  course,  based  on  the 
same  rationale  as  these  techniques  are.  However,  holography  may  well 
make  for  a  simpler  system  in  practice  if  a  pictorial  display  of  the 
results  is  wanted.  If  such  a  display  were  not  acceptable  but  rather  a 
simple  "Go-no  go"  indicator,  holography  would  not  be  applicable. 

2.2.11  Other  Visualizations  of  Seismic  Waves. 

TRW  made  a  proposal  (66)  to  MERADCOM  in  1974  in  which  they  sug¬ 
gested,  as  far  as  we  know,  an  optical  processing  of  seismic  returns  in  a 
mine  detection  scheme.  A  thin  rubber  membrane  was  to  couple  a  liquid 
tank  to  the  ground.  A  separate  source  would  inject  seismic  waves  into 
the  ground  which  would,  after  having  been  scattered  by  the  objects  to 
be  detected,  enter  the  liquid  through  the  membrane  from  the  ground.  A 
laser  beam  was  to  interact  in  the  liquid,  presumably  by  variation  of  the 
index  of  refraction  with  the  sound  field  from  the  ground  and  make  it  or 
its  irregularities  visible  to  the  operator. 

We  were  not  given  a  copy  of  the  proposal  by  TRW  as  it  is  proprietary. 
We  believe  that  it  may  contain  ideas  and  techniques  useful  to  this 
particular  application.  However,  as  in  the  case  of  holography,  it  would 
be  valuable  only  if  a  pictorial  display  would  be  desired  as  the  final 
output  of  the  obstacle  detector.  It  also  appears  as  if  the  arrangement 
might  be  comparatively  large  and  cumbersome  when  applied  to  the  detection 
of  large  objects. 
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3.  Conclusions,  Benefits,  and  Specifications  -  Subtask  3. 

3.1  Findings  and  Conclusions. 

The  salient  finding  of  the  survey  performed  in  this  study  is  that 
there  is  not  currently  any  available  obstacle  detection  system  which  can 
be  readily  transformed  into  an  embodiment  suitable  for  the  combat 
engineers'  rapid  excavation  mission. 

TVo  detection  technologies, 

•  Electromagnetic  Pulse  Reflection  (Radar) 

•  Seismic  Reflection  or  Refraction  Techniques 

provide  the  most  promise  for  the  development  of  a  system  for  this  purpose. 

Of  these,  the  radar  system  has  been  developed  to  a  greater  degree 
and  offers  a  faster  and  simpler  embodiment  for  the  field  fortification 
excavation  mission.  At  least  one  specialized  underground  radar  system 
is  available  commercially  and  two  others  will  likely  become  available 
in  the  near  future.  However,  these  are  all  intended  for  geophysical  or 
utility  line  surveys  and  do  not  necessarily  conform  to  likely  military 
time  (duration)  or  signal  (direct  interpretation,  e.g.,  Go-no  go)  inter¬ 
pretation  limitations. 

Seismic  techniques  offer  the  potential  capability  to  operate  in 
ground  conditions  where  radar  will  not  penetrate.  Because  they  sense 
velocity  of  propagation  and/or  mechanical  impedence  which  are  related 
to  stiffness  and  strength,  they  operate  more  directly  on  properties  which 
define  an  obstacle.  However,  seismic  pulses  or  waves  are  more  difficult 
to  couple  into  the  ground,  a  factor  adversely  affecting  the  speed  of 
operation  of  a  seismic  system.  Signal  interpretation  problems  are  just 
as  serious  as  those  for  the  radar  and  are  no  further  developed. 

Specific  findings  or  limitations  for  each  of  these  two  methods  are 
summarized  in  the  following  subsections. 

3.1.1  Underground  Radar. 

•  Substantially  similar  underground  pulse  radar  systems  have 
been  developed  by  a  number  of  prior  researchers  and  can  be 
produced  by  several  firms  and  research  organizations. 
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•  Most  of  the  prior  work  has  been  aimed  at  detecting 
cavities,  buried  utilities,  land  mines,  and  geological 
strata.  Little  has  been  aimed  at  geological  obstacles 
such  as  large  rocks.  There  is  a  paucity  of  examples  in 
the  data  accumulated  by  these  researchers  to  illustrate 
the  capability  or  resolution  of  the  method  for  this 
purpose. 

•  While  penetration  to  depths  of  5  feet  is  clearly  feasible 
in  many  soils,  the  proportion  of  the  earth's  surface  where 
sufficient  resolution  will  be  attainable  at  this  depth 
has  not  been  established. 

•  It  is  known  that  this  will  be  difficult  in  moist  clays 
or  salty  soils  with  even  trace  amounts  of  water.  The 
best  areas  appear  to  be  glacial  till,  high  woodlands,  or 
areas  where  so  much  groundwater  flow  has  occurred  that  all 
salts  have  been  leached  out  of  the  soil. 

•  The  facsimile  displays  which  are  used  by  most  investi¬ 
gators  to  study  the  reflected  signals  can  clearly  show 
obstacles  and  underground  cavities.  However,  it  is  not 
possible  to  distinguish  between  "hard"  and  "soft"  mater¬ 
ials.  Thus,  clay  lenses  appear  similar  to  rock  layers  or 
cavity  boundaries. 

•  The  converse  can  also  occur.  If  the  electromagnetic 
properties  of  a  rock  and  its  surrounding  soil  are 
similar,  no  reflection  will  result  and  the  rock  will 
be  invisible. 

•  Thus,  even  in  a  location  where  ideal  radar  signal 
propagation  is  possible,  the  identification  of  targets 
is  a  problem.  Substantial  development  will  be  required 
to  attain  a  level  of  signal  processing  which  is  capable 
of  producing  a  "Go-no  go"  display  or  an  easily  read 
image  without  a  high  false  signal  ratio. 
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3.1.2  Seismic  Methods. 


•  Perhaps  the  single  most  significant  relative  advantage 
to  seismic  methods  is  their  capability  of  propagating 
signals  in  saturated  soils .  However ,  they  are  poor  in 
dry  or  uncompacted  soils.  Thus,  they  are  to  a  degree 
complementary  to  radar. 

•  A  major  problem  is  the  relative  difficulty  of  coupling 
the  seismic  transducers  to  the  ground.  This  is  now 
only  feasible  by  actually  emplacing  the  transducers 

in  holes  at  specific  stations,  a  methodology  which  is 
not  conducive  to  a  portable,  moving  survey  requirement. 

•  A  relative  advantage  is  the  large  difference  in  wave 
propagation  speed  between  consolidated  rocks  and  soil. 

Thus,  seismic  methods  should  be  able  to  distinguish 

.  the  type  of  obstacles  of  interest. 

•  Seismic  methods  are  reported  to  suffer  from  a  large 
amount  of  background  and  clutter,  leading  to  false 
signal  problems.  However,  this  may  simply  be  due  to 
the  lack  of  a  similar  degree  of  development  of  signal 
discrimination  processes  as  that  which  has  been 
accomplished  for  radar. 

•  In  any  event,  there  is  every  indication  that  the 
development  of  a  field  acceptable  signal  processing 
and  display  method  will  be  at  least  as  difficult  as 
that  for  the  radar  method. 

•  Transducer  hardware  for  the  seismic  methods  is  more 
complex  and  potentially  heavier  and  more  bulky  than 
that  for  the  radar. 

3.2  Benefits. 

Analysis  of  the  E-FOSS  war  games  reported  in  Ref.  (1)  showed  that, 
during  the  preparation  period  (Period  2),  the  total  excavated  soil  for 
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protected  fighting  positions  was  875,644  BCY .  With  40  available  M9 
tractors,  this  would  require  3,783  on-site  hours.  With  one  improved 
excavator  embodiment,  this  might  be  reduced  to  1,360  on-site  hours,  thus 
allowing  a  reduction  in  the  elapsed  time  for  Period  2  I  rum  1 5  1/.’  days 
to  5  1/2  days  with  the  same  number  of  excavators. 

All  of  these  estimates  were  made  assuming  that  excavation  can  be 
accomplished  at  the  rates  normal  for  the  respective  machines  in  normal 
earth  materials.  If  an  area  were  encountered  which  contained  a  large 
number  of  buried  rocks  too  large  for  the  excavator  or  contained  ledge, 
false  starts  or  excess  time  to  remove  the  obstacles  could  decrease  the 
excavation  rate  significantly.  This  would  require  either  additional 
machines  or  a  larger  elapsed  time  for  the  preparation  period. 

For  example,  if  the  probability  of  encountering  an  unexcavatable 
obstacle  is  P  and  it  can  be  assumed  that  this  occurs,  on  the  average, 
halfway  through  the  excavation,  then  the  volume  excavated  unnecessarily 
as  a  result  of  the  obstacle  encounter  is, 

Vw  -  0.5  PV  (3-1) 


where  V  is  the  total  volume  to  be  excavated. 

If  the  tactical  situation  dictates  a  given  total  on-site  time,  then  the 
number  of  machines  must  be  increased  to  supply  this  wasted  excavation 
time.  For  example,  if  the  total  number  of  machines  is  expressed  by. 


where  V  is  the  total  excavated  volume,  BCY 

r  is  the  excavation  rate,  BCY/hr,  of  one  machine 
T  is  the  total  on-site  time,  hrs. 


and  the  number  of  machines  required  to 
given  by. 


N 


w 


V 

w 

rT 


excavate  false  starts  is  similarly 


(3-3) 
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Chen,  combining  equations  3-1,  3-2,  and  3-3  gives, 

N  -  0.5  PN 

w 

The  incremental  cost  increase,  AC, for  the  extra  machinery  is  simply, 

AC  =  \  C  =  0.5  PC  (3-5) 

N 

where  C  is  the  total  cost  for  N  excavators. 

If  this  incremental  cost,  AC,  increase  is  considered  to  be  the  breakeven 
cost  for  a  detector  system  capable  of  serving  N  excavating  machines,  then 
the  total  detector  system  cost,  C^,  must  be  less  than  this  breakeven  cost 
or, 

Cd  -  AC  =  0.5  PC  (3-6) 

If  the  detector  system  is  fast  enough  to  serve  N  excavators,  then  equation 
(3-6)  can  be  considered  to  express  the  breakeven  cost  of  a  detection 
system  for  N  excavators.  The  total  detector  system  cost,  C^,  becomes, 

Cd  =  nCe  (3-7) 

where  Cg  -  cost  of  a  single  detector  embodiment  and  n  is  the  number  of 
detector  embodiments  for  the  total  detector  system.  Combining  equations 
(3-6) and  (3-7)  gives 

C  -  Cd  =  0.5  PC  (3-8) 

e  —  - 

n  n 

If  C  is  the  total  cost  of  N  excavators  and  Cx  is  the  cost  of  each 
excavator 

C  =  NC  (3-9) 

x 

Ce  *=  0.5  PN  C  (3-10) 

_ x_ 

n 

An  example  of  this  relationship  for  an  assumed  excavator  cost  of  $200,000 
is  given  in  Figure  3-1.  It  can  be  seen  that  with  a  10%  probability  (p=0.1) 
of  encounter  and  a  detector  embodiment  that  is  slow  enough  so  that  it  can 
serve  only  one  excavating  machine  (N/n=l),  the  justifiable  detector  cost 
is  only  about  $10,000.  The  survey  showed  that  the  simplest  radar  system 
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will  cost  more  than  $10,000  and  it  is  unlikely  that  a  seismic  system  will 
be  less  costly.  Thus,  this  combination  of  assumed  conditions  cannot 
justify  a  detection  system  embodiment. 

However,  if  the  detector  can  be  made  fast  enough  to  survey  excavation 
sites  ahead  of  several  excavators  or  if  the  probability  of  obstacle  en¬ 
counter  increases,  the  justifiable  cost  quickly  rises  into  the  likely 
cost  range  for  a  detector  system.  If  P  =  10%,  N/n=  5,  =  $200,000 

then  Ce  =  $50,000. 

It  should  be  noted  that,  as  the  probability  of  encounter  increases, 
a  point  will  be  reached  where  detection  time  will  be  slowed  down  due  to 
the  necessity  to  survey  additional  sites.  This  non-linearity  is  not 
included  in  this  simple  analysis. 

The  speed  of  traverse  of  a  radar  system  is  consistent  with  survey  at 
several  times  excavation  speed.  Thus,  if  requested  excavation  sites  were 
close  enough  one  detector  might  serve  several  excavators.  The  probability 
of  encounter,  however,  cannot  be  assessed  without  a  survey  of  the  actual 
geographical  areas  of  interest.  Thus,  a  final  estimate  of  the  cost 
benefits  of  a  detector  system  would  require  such  a  study. 
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Figure  3-1  Probability  of  Encountering  an  Unexcavatable  Obstacle 
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Electromagnetic 

Subsurface 

Profiling 

Electromagnetic  Subsurface  Profiling  (ESP)  is  an  ad¬ 
vanced  impulse  radar  procedure  that  is  performed  with 
a  SIR  SYSTEM.  The  System  iransducer  is  moved  along 
a  line  while  the  System  Recorder  produces  a  continuous 
high-resolution  profile  of  the  subsurface  The  unique  fea- 
tuie  of  the  ESP  procedure  is  its  ability  to  automatically 
generate  a  continuous  map  of  suosurface  features  — 
not  a  point-by-pomt  sample  from  which  extrapolations 
are  made,  but  a  complete  high  resolution  profile. 

An  electromagnetic  impulse  is  propagated  into  the 
media  from  a  Transducer  unit  on  its  surface.  When  the 
impulse  strikes  an  interface  between  two  materials  of 
differing  electrical  properties  —  a  soil-bedrock  inter¬ 
face.  a  soil-water  interface,  a  pipe  buried  in  soil  —  some 
of  the  impulse  energy  is  reflected  and  the  rest  continues 
on  through  the  material  to  other  interfaces  The  re¬ 
flected  signals  are  received  by  the  Transducer  where 
replica  waveforms  of  the  transmitted  pulse  followed 
by  the  reflected  signals  are  generated  and  sent  back 
to  system  Control  Unit  to  be  monitored  on  its  oscillo¬ 
graph,  printed  on  a  graphic  recorder,  and  recorded  on 
magnetic  tape  The  graphic  record  of  the  siqnal  wave¬ 
forms  is  a  close  aporoximation  of  the  interfaces  one 
would  see  in  a  vertical  wall  of  a  trench  dug  along  the 
path  of  the  Transducer 

The  ESP  procedure  has  been  used  successfully  to  lo¬ 
cate  buried  obiects  such  as  pipes;  map  the  bottom 
topography  of  fresh  water  rivers  and  lakes;  measure 
fresh  water  ice  and  sea  ice  thickness,  locate  ice 
wedges  in  permafrost,  and  profile  bedrock  interfaces 
beneath  the  soil. 

In  areas  of  low  soil  conductivity,  the  depth  range  of  the 
electromagnetic  impulse  can  be  as  much  as  30  meters 
High  conductivity  soil  inhibits  transmission  of  the  im¬ 
pulse  energy,  causing  the  depth  of  penetration  to  be  lim¬ 
ited  in  some  areas  The  radar  impulses  are  also  blocked 
by  networks  of  iron  or  steel  such  as  those  used  as  rein¬ 
forcements  in  concrete  highways  However,  the  higher 
frequency  transducers  can  penetrate  around  some  rein¬ 
forcing. 


II,,,  uses  lit  |  ;;r  am  many  and  vancd  I  oi  an\"i'"  W 
has  nvni  wished  he  i  mild  see  thimiqh  the  siida.  e  t  p 
neath  his  feet,  ESP  is  the  answer 

•  For  a  utilities  engineer  who  must  plan  new  lines  or  to 
cate  existing  ones  to  make  repair  or  add  tie  m-. 
ESP  is  a  time  and  money  saver  lest  pits  area  : 
needed,  traffic  is  only  momentarily  interim *  • 
each  scan,  and  interpretation  of  the  ESP  printer.- 
will  give  accurate  information  on  troth  the  meat  c 
and  depth  of  underground  system-  Rouiders  ar-. 
bedrock  interlaces  may  also  be  located  Plans  cm- 
then  be  made  to  avoid  obstacles  ana  make  the 
most  efficient  use  of  time 

•  For  a  contractor  planning  a  mnior  construc,'~-' 
project,  ESP  provides  the  lay  of  bedrock,  the  men¬ 
tion  of  s oil  interfaces,  the  size  and  location  r:  r  : . 
ders,  and  possible  areas  of  subsidence  Know  ~ 
advance  what  is  underneath  will  help  pre-.m'- 
costly  delays  and  changes  in  mid  project 

•  For  an  oil  driller,  a  pipeline  engineer,  or  a  resea-cs 
scientist  working  in  the  Arctic  or  Antarctic.  ESP  -<■:  3 
vital  aid.  On  sea  ice.  ESP  is  used  to  assure  thp  -a-e- . 
of  camps,  landmg  strips,  and  vehicles  py  me  a-:,- " : 
ice  thickness  and  detecting  hidden  cracxs  a-  ; 
vasses  Along  pipeline  routes  on  permafrost.  LS"  :  .- 
tects  the  presence  and  size  of  ice  wedges  ce-'e?" 
the  surface  so  they  can  be  avoided  Glacial  ice  cm  " 
and  structure  can  also  be  detected,  recorcea  a~c 
studied. 

•  For  an  engineer  interested  in  going  through  or  u~q~' 
fresh  water  lakes  and  rivers.  ESP  recoros  the 
contours.  ESP  has  also  been  used  to  look  tme-” 
the  sub-bottom  to  detect  interfaces  ana  pipe  ccss- 
ings. 


New  uses  for  ESP  are  constantly  being  dome . . . 

veys  using  ESP  to  locate  areas  of  interest  a1  a  t  -  ' 

loqical  sites  have  had  successful  m-  mm  ESP  ■ 

used  as  a  coal  seam  thickness  f.ervior  to  '.v;  w  - 
highwall  coal  mining  In  addition,  sui  .eys  am-1 
walls  have  been  performed  to  gam  intormat.cn 
the  structure  of  the  surrounding  ?o w  to  detect  p-,:-- 
lial  mining  hazards  Borehole  transducers  are  a j?. 
able  to  lower  into  boreholes,  profiting  laterally  g’-'-a'  . 
extending  borehole  data 

Computer  processing  is  now  being  used  to  remc.~ 
backqrounq  noise  and  thus  enhance  !  .S P  .into  r  - 
computer  analysis  techniques  are  Pen  g  -3  ' 

add  to  the  inlormation  gamed  Irnm  nm  q.ita  pv 
studying  the  shape  ol  the  rellected  wavelorms 


the  w©r!d  of 


Sr  ■: 

<  * 


»r  rn 


rw 


?!Ui 


TO 

~  -/  r 


From  the  hot  sands  of  Saudi  Arabia  to  both 
Poles,  GSSI  equipment  has  performed  with 
distinction  under  extreme  environmental  con¬ 
ditions.  Whether  the  desired  target  is  a  cavity  in 
Florida,  a  massive  ice  wedge  in  permafrost  at 
Tuktoyuktuk,  a  gas  pipeline  crossing  under  the 
Mississippi  River,  a  water  mam  in  downtown 
Tehran  or  a  safe  route  across  sea  ice  to  Melville 
Island.  GSSI  Systems  are  ready  A  SIR  SYSTEM 
may  be  the  answer  to  one  of  your  subsurface 
problems 

Let  Us  Help 

For  further  information,  please  write,  call  or  visit 
us  We  will  be  happy  to  assist  with  your  protect 
and  provide  a  firm  price  and  delivery  quotation 
lor  a  standard  or  custom  system  best  suited  to 
meet  your  needs 
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With  a  small  antenna  unit .  .  .  and  a  compact  instrument  features  beneath  land, 

package,  ESP  probes  and  water,  or  ice. 

records .  .  . 


Electromagnetic  subsurface  profiling  (ESP),  devel¬ 
oped  by  Geophysical  Survey  Systems,  Inc,,  is  a 
survey  method  which  enables  engineers  and 
scientists  to  actually  '‘see"  under  the  ground,  water 
or  ice  by  means  of  reflected  radar  impulses. 

The  ESP  system  utilizes  a  special  downward- 
looking  radar  to  obtain  an  accurate,  continuous  sub¬ 
surface  profile.  It  can  record  and  report  the  location 
and  depth  of  bedrock,  interfaces,  objects  and  voids 
underground,  the  contours  of  lake  and  river 
bottoms;  and  the  depth  of  sea,  lake  and  glacial  ice. 

ESP  —  the  utilization  of  radar  to  send  and  re¬ 
ceive  meaningful  signals  through  solid  and  liquid 
media  —  is  a  true  scientific  advance  which  solves 
an  age-old  problem  For  thousands  of  years,  ever 
since  man  first  started  to  construct  buildings  and 
roads,  the  engineers  of  every  century  have  been 
forced  to  grope  their  way  along,  laboriously  digging 
simply  to  determine  the  position  and  depth  of 
underlying  geologic  and  man-made  features.  Even 


in  modem  times,  test-pits,  core-drilling  and  seismic 
soundings  have  been  cumbersome  and,  worse, 
have  provided  only  single  plot  points,  with  nothing 
but  guesswork  left  in  between. 

Now,  ESP  changes  all  that.  Electromagnetic 
subsurface  profiling  is  unique  because  it  generates, 
for  the  first  time,  a  continuous  linear  plot  of  subsur¬ 
face  features.  Moreover,  the  plot  normally  pinpoints 
all  objects  regardless  of  material  —  both  metallic 
and  non-metallic.  ESP  records  data  many  times 
more  detailed  than  other  methods,  and  generates 
the  data  more  quickly  and  often  more  economically 
as  well. 

Introduced  just  a  few  years  ago,  ESP  is  now  a 
tested,  proven  system  ESP  surveys  are  easy  to 
run  And  Geophysical  Survey  Systems  makes  ESP 
easy  for  everyone  to  use  by  offering  options  users 
can  purchase  the  equipment  for  their  own  or  joint 
regional  operations;  or  they  can  contract  for  sur¬ 
veys  with  Geophysical  Survey  Systems 


A-ll 


1 


Building  the  profile:  surveying, 
interpreting,  reporting. 

The  ESP  system  consists  ot  a  small,  wheeled 
antenna  unit  which  sends  and  receives  the  radar 
pulses  and  an  instrument  package  which  records 
the  radar  echo  patterns  on  magnetic  tape  The  tape 
then  typically  feeds  to  an  oscilloscope  and  to  a 
hardcopy  graphic  recorder 

The  instrument  package  can  be  carried  in  any 
appropriate  vehicle  a  light  truck  or  all-terrain  vehicle 
on  land;  a  small  boat  on  water;  and  a  tracked 
vehicle  on  snow  or  ice  The  antenna  unit  is  towed 
behind  the  vehicle  or  pulled  by  hand,  and,  in  a  boat, 
stowed  aboard  along  with  the  instruments.  The  sur¬ 
vey  is  taken  along  a  predetermined  path  at  average 
speeds  of  3  to  5  miles  per  hour,  and  the  tape  is 
keyed  to  benchmarks  along  the  route.  When  a 
linear  plot  is  all  that’s  needed,  a  single  pass  is  suffi¬ 
cient.  When  an  area  is  to  be  surveyed,  a  grid  is  laid 
out  and  each  path  is  traversed. 

The  antenna  unit  contains  a  transceiver  which 
transmits  radar  impulses  (consisting  of  both  elec¬ 
trical  and  magnetic  energy)  at  a  rate  of  50  KHZ,  or 
50,000  pulses  per  second  The  impulses  are 
partially  reflected  by  the  interfaces  of  materials.  The 
degree  of  reflectance  is  governed  by  the  differen¬ 
tials  in  the  electrical  characteristics  of  the  materials 
—  the  dielectric  constant  and  the  conductivity. 

Reflected  radar  echoes  are  picked  up  by  the 
transceiver  and  transmitted  by  cable  to  the  instru¬ 
ment  package  The  oscilloscope  displays  the  wave 
pattern  of  the  reflected  impulse  The  operator,  by 
noting  changes  in  the  echo  patterns,  can  often  gain 
a  considerable  amount  of  information  as  the  path  is 
traversed 

The  hardcopy  version  of  the  echo  patterns 
provides  the  data  from  which  a  plan  view  is  drawn, 
with  positions  and  depths  of  features  indicated 
Normal  accuracy  in  both  lateral  and  vertical  aspects 
is  within  1 0%  of  the  distance  from  the  transceiver 
to  the  target.  Profiles  of  any  or  all  paths  can  be 
taken  off  if  required.  The  output  can  be  computer- 


processed  to  sharpen  and  clarity  the  signal  Current 
research  is  exploring  further  use  of  the  computer  to 
improve  analysis  and  reporting  still  further 

Radar  pulses  are  blocked  by  networks  of  iron 
or  steel  such  as  those  used  as  reinforcement  in 
concrete  highways.  Similarly,  the  presence  of  salt 
interferes  with  transmittance.  This  can  limit  usage 
on  heavily  salted  roads  or  in  coastal  areas  with  salt 
water  intrusion.  However,  it  is  an  advantage  when 
measuring  the  depth  of  sea  ice.  A  third  and  minor 
limitation  is  the  inability  of  the  pulses  to  clearly  mea¬ 
sure  during  the  first  few  inches  of  travel  —  so  the 
depth  of  most  pavements  is  not  recorded. 

ESP:  vital  tool  on  land,  water  and  ice 


On  land.  Used  for  non-destructive  probing 
underground,  ESP  reveals  the  location  of  bedrock, 
boulders,  soil  strata  interfaces,  ground  water,  and 
voids.  Also  recorded  are  installed  utilities  —  pipes 
of  metal,  plastic  and  clay,  and  conduits  and  cables 
The  depths  at  which  ESP  is  presently  effective 
are  influenced  by  the  conductivity  of  the  soil 
Average  maximum  effective  depth  for  any  region  m 
the  U.S.  can  be  determined  from  the  following  table 

flange  —  ground  surface 
lo  melal  large!  (feel) 

100 

50 

25 

14 
8 
5 

4 

On  water.  On  fresh  water  lakes,  ponds  and 
rivers,  ESP  can  render  accurate  bottom  profiles 
and  also  indicate  the  existence  of  any  cables  or 
underwater  obstructions 

On  ice.  ESP  has  been  extensively  used  to 
determine  the  thickness  of  sea  ice  and  is  effective 
to  depths  of  25  feet.  Bottom  contours  of  the  ice 

■.  rt . I,,  ,  r, 

.  '  '  '  -  . • ,  -  ,  -'a  ■  i  In  t 


Conductivity  in 
millimhos/metor 

_ 0.5 _ 

_ 1.0 

2.0 

4.0 

8.0 

160  _ 
32.0 
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show  clearly  due  to  the  strong  reflection  at  the  salt 
water  interface.  In  the  same  way  the  thickness  of 
glaciers  and  snow-fields  up  to  200  feet  deep  can 
be  charted. 

ESP:  problem-solver  for  the  civil  engineer 
and  scientist. 


Utilities  engineering.  ESP  is  a  time-saver  and 
money-saver  for  the  utilities  engineer  who  must 
plan  new  or  replacement  lines  or  locate  existing 
lines  for  repairs  or  tie-ins. 

Using  ESP,  the  engineer  doesn’t  break  pave¬ 
ment  or  interrupt  traffic,  and  he  can  use  his  ESP 
drawings  to  give  him  a  complete  plan  of  mams  and 
service  connections.  He  can  then  plot  his  locations, 
knowing  that  he  will  encounter  smooth  excavation 
without  hitches  when  the  job  gets  underway.  He'll 
know  the  positions  of  ledge  and  boulders  so  he  can 
avoid  them  when  possible  and  make  accurate  cost 
estimates  for  removal  when  needed.  His  job  will  be 
executed  on  time,  and  at  the  least  possible  ex¬ 
pense  to  the  utility,  agencies  or  taxpayers. 

Construction  engineering.  ESP  can  pay  for 
itself  many  times  over  when  used  by  the  architect, 
consulting  engineer,  contractor  or  owner  who  is 
planning  foundations  and  utilities  for  buildings, 
sewers,  highways,  and  other  construction  projects. 
ESP  can  provide  a  continuous  profile  showing  the 
exact  lay  of  bedrock  or  ledge  and  the  boundaries  of 
such  strata  as  glacial  till,  hardpan,  gravel  and  peat. 
Also  indicated  are  the  size  and  position  of  boulders, 
such  potential  hazards  as  voids  or  areas  of  subsi¬ 
dence,  and  installed  utilities  or  other  objects. 

In  preparing  bids  for  projects,  the  builder  or 
contractor  can  use  an  ESP  survey  to  cost  out  exca¬ 
vation  and  foundation  work  with  a  certainty  that 
never  would  have  been  justified  otherwise,  in¬ 
creasing  his  chances  of  bringing  in  the  lowest  bid. 
Used  in  the  planning  stages  of  both  public  and  pri¬ 
vate  projects,  ESP  can  help  insure  that  each  job 
stays  within  budget  By  helping  to  forecast  time 
and  equipment  needed  for  excavation,  ESP  les¬ 


sens  the  nsk  of  over  dinning  costs  or  ot  met  hi  mg 
Inte-completion  penalties  The  engineer,  by  know¬ 
ing  what  he  will  tmd  before  he  digs,  now  can  avoid 
costly  delays  and  extensive  changes  in  plans 

Exploration.  ESP  is  a  special  aid  to  the  crews 
working  in  (tie  Arctic  and  Antarctic  on  exploratory 
oil  drilling  and  pipeline  projects,  and  in  other  re¬ 
search  studies  Used  on  sea  ice,  ESP  measures 
ice  depth  to  assure  the  safety  of  camps,  vehicles, 
and  landing  strips  Sea  ice  thickness  surveys  have 
been  performed  from  a  helicopter  at  altitudes  of 
1 50  feet  and  speeds  ot  40  mph  Along  road  and 
pipeline  routes  on  permafrost,  ESP  detects  the 
presence  and  size  of  ice  wedges.  In  geological 
exploration,  underlying  structures  are  surveyed, 
faults  and  fissures  are  located,  and  glacial  ice  depth 
is  recorded 

!n  the  future.  Other  areas  of  use  for  ESP  are 
continually  being  discussed  and  developed  In  con¬ 
nection  with  transportation  on  sea  ice,  an  ESP 
unit  mounted  on  every  vehicle  would  serve  as  a  thm 
ice  early  warning  system.  ESP  would  be  invaluable 
during  location  of  archeological  sites  and  for  plan¬ 
ning  the  excavations.  It  has  been  proposed  for 
ground  water  surveys,  and  for  location  of  subsi¬ 
dence  voids  and  natural  tunnels  and  caves  that 
might  affect  structures  or  highways. 

Various  mining  applications  for  ESP  are  being 
investigated.  In  rock  tunnels,  surveys  along  tunnel 
walls  and  faces  can  provide  information  on  the 
structure  of  the  surrounding  rock,  detecting  poten¬ 
tial  mining  hazards.  ESP  is  being  evaluated  tor  use 
as  a  coal  seam  thickness  sensor  in  conjunction  with 
automatic  coal  mining  machines 

Further  adaptation  of  the  ESP  system  might 
lead  to  new  borehole  logging  tools  which  would  be 
lowered  into  boreholes  and  record  laterally,  greatly 
extending  borehole  data  Computer-aided  signature 
analysis  of  the  ESP  returns  will  eventually  provide 
additional  engineering  information,  for  example, 
the  density  and  moisture  content  ot  the  soil  and 
rock  Further  development  ot  air-borne  E:SP  units 
for  rapid  surveys  has  also  been  suggested 
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The  ESP  Instrument  package. 

The  ESP  system  includes  an  antenna  unit  encased 
in  durable  fiberglass  and  the  radar  instrument 
package.  The  package  includes  the  following 
components. 

Controller  unit.  Interfaces  all  system  units. 
Provides  power  and  trigger  signals  to  the  trans¬ 
ceiver.  Synchronizes  the  tape  recorder  and  the 
graphic  recorder  with  the  echo  signals. 

Graphic  recorder.  Produces  a  hardcopy  ver¬ 
sion  of  the  radar  signals. 

Tape  recorder,  (optional)  Records  radar 
echoes  on  magnetic  tape.  Records  1 6  times  faster 
than  the  graphic  recorder,  allowing  rapid  traverses 
and  subsequent  input  into  the  graphic  recorder 
when  time  is  available. 

Pre-record  playback  unit,  (optional)  Permits 
proper  phasing  of  control  signals  on  each  reel  of 
tape. 

Converters,  (optional)  Permits  system  to  be 
operable  from  an  automobile  heavy  duty  alternator. 


Putting  ESP  to  work  tor  you. 

If  you're  in  need  of  the  data  that  ESP  can  generate 
for  you,  select  the  arrangement  that  best  suits  your 
projected  volume  of  usage  The  best  plan  may  be 
to  purchase  a  complete  ESP  system  With  this 
option,  we  provide  a  free  training  course  in  survey 
technique,  and  follow-up  assistance  in  analyzing 
and  interpreting  data 

If  your  own  use  does  not  justify  full  individual 
purchase,  then  arrange  a  cooperative  purchase 
among  your  organization  and  others  with  similar 
interests  in  your  city  or  region  For  example,  several 
utilities  in  a  single  city  can  purchase  and  share  time 
on  an  ESP  unit,  developing  survey  information  in 
common  as  local  projects  arise 

In  another  arrangement,  a  constractor  owning 
an  ESP  unit  would  operate  the  unit  as  a  service  in 
his  area. 

If  purchase  does  not  fit  your  program  or  if  you 
would  like  to  assess  the  effectiveness  of  ESP  in 
your  area  prior  to  purchase,  Geophysical  Survey 
Systems  will  be  glad  to  discuss  your  needs  and 
provide  firm  quotes  for  a  survey 

For  further  information  about  Electromagnetic 
subsurface  profiling,  call  or  write  to  us  at  the 
address  below. 


Technical  specifications  are  subject  to  change 
without  notice 


Geophysical 
ifLLI  ;;  Survey 
Systems,  Inc. 

...  15  FLAGSTONE  DRIVE 
HUDSON.  NEW  HAMPSHIRE  03051 


TELEPHONE  (603)  889-4841 
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Underground  Utility  Locator 


FEATURES 

•  Pot  table 

■  Locate  both  metallic  and  non  metallic  pipe  to  a 
depth  of  10  feet/3.0  rrt 

■  Accuracy  within  6  inches/15  cm  in  depth  and 
position 

»  Battery  operated.  Can  he  recharged  from  1 10  VAC 
or  from  12  Volt  ignition  systems 

■  Digital  readout  of  pipe  depth 

■  High  intensity  display  is  easily  readable  in  direct 
sunlight 

■  Waterproof  antenna  housing,  will  operate  on  wet 
ground 

■  Comfortable  harness  allows  lieedom  o!  movement 


■  Expand  Mode  -  any  3  foot/1  m  segment  of  a 
selected  range  can  be  displayed  over  32  columns 
of  display 


Burlington,  Massachusetts  0 1003  ■  Telephone (01/) 2/2  3000  ■  TWX.  710-332  0/89  ■  !ele«  ')•! 

Bulletin  No.  80020 


A-18 


COMPLETE  SYSTEM  WITH  TRANSIT  CASES 


FIELD  REPLACEABLE  BATTERY  PACK 
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DESCRIPTION 


A  technique  termed  “downward-looking  radar"  is  employed.  A  "downward-looking  radar"  is  similar  to  a  conventional 
radar  in  that  they  both  use  a  pulse  echo  technique,  where  an  electro-magnetic  pulse  is  transmitted  and  any  object  in 
its  path  reflects  a  portion  of  the  pulse.  The  important  difference  between  the  radars  is  that  conventional  iadar  looks 
into  the  atmosphere,  while  the  "downward-looking  radar"  looks  into  the  earth. 

TERRASCAri0  employs  a  time-domain  technique.  In  operation,  the  antenna  is  set  upon  the  ground  and  the  pulse  is 
transmitted  into  the  earth.  Any  changes  in  the  electrical  properties  of  the  soil  causes  part  of  the  pulse  to  he  reflected 
back  to  the  surface  and,  in  turn,  to  the  receiver.  A  buried  pipeline  is  quite  different  electrically  ftom  the  surrounding 
SOil. 


Plastic  pipe  represents  a  change  in  the  dielectric  constant  when  compared  with  the  surrounding  soil:  a  metal  pipe  re¬ 
presents  a  better  conductor.  The  particular  antenna  configuration  developed  distinguishes  cylindrical  objects,  such  as 
pipe,  from  all  other  echoes.  It  also  efficiently  couples  the  transmitted  energy  into  the  ground  and  not  into  the  sur¬ 
rounding  atmosphere. 


APPLICATIONS- 


TheTERRASCA 


N0 


underground  utility  locator  will  detect  both  metallic  and  non  metallic  pipe. 


Non-metallic  pipe,  especially  poly  vinyl  chloride  (PVC),  has  become  increasingly  widespread  in  use  mainly  due  to  its 
lower  cost  and  non  corrosive  properties.  Metal  wire  or  foil  tracers  an;  buried  with  the  plastic  pipe  so  that  the  metal 
detectors  could  locate  the  pipe  at  some  future  time.  However,  there  are  a  number  of  disadvantages  experienced  with  a 
metal  pipe  detector  when  searching  for  a  plastic  pipe. 

a)  The  metal  tracers  are  often  not  connected  or  have  corroded. 

It)  Precise  location  of  utility  is  inaccurate. 

c)  Affected  by  suiiounilimi  metal  olgecls  (i.c..  metal  fences,  overhead  power  lines,  parked  cars,  etc  ). 

d)  Difficult  to  determine  depth  or  detail  (i.e.,  branching  or  parallel  lines). 

TERRASCAr/0  can  determine  whether  the  utility  is  metallic  or  non  metallic  It  will  opir.iir  efln  u  nity  m  p.-l  i 
lots,  alongside  efiain  link  fences  and  railroad  Packs,  is  accurate  m  locating  utilities  h:  a  depth  id  10  t,  .  i  W  e 
unaffected  by  inclement  weather  conditions. 
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The  gravimeter  has  the  special  attraction  that  it  directly  senses 
mass  distribution  in  its  immediate  vicinity.  By  the  inverse  square  law, 
it  is  most  sensitive  to  near  masses  and  this,  in  theory,  gives  it  a  chance 
at  very  close  range  to  detect  boulders  or  cavities  in  the  soil.  The  best 
presently  available  exploration  instruments  are  believed,  from  field 
experience*,  to  be  able  to  detect  a  4  foot  boulder  at  6  foot  depth  when 
sampling  on  a  10  foot  grid.  However,  each  measurement  will  take  about 
five  minutes  with  skilled  personnel.  After  recording  the  raw  gravimetric 
data  from  a  survey,  it  takes  a  fairly  elaborate,  albeit  in  principle, 
simple,  evaluation  which  leads  to  a  map  of  the  gravitational  potential 
surface  over  the  survey  area.  This  map  will  show  obstacles  if  the  reso¬ 
lution  is  carried  far  enough.  If  there  are  disturbances  from  nearby 
activity  or  if  there  are  problems  with  the  instrument,  which  is  not  un¬ 
common,  the  progress  will  get  much  slower  or  become  impossible. 

The  gravimetric  method  is,  in  principle,  quite  straightforward,  but 
a  quick  back-of-the-envelope  estimate  of  its  engineering  basis  helps  in 
appreciating  the  unusual  instrumental  problems  that  have  to  be  overcome: 

Gravitation  is  an  exceedingly  weak  force  and  unless  caused  by  enor¬ 
mous  masses  (e.g.,  the  earth)  is  detectable  at  very  short  ranges  only: 

*  -  Y  V|2  (1) 

r2 

-11  3  -1  -2 

where  y  =*  6.67  x  10  m  kg  sec  is  the  gravitational  constant. 

The  vertical  gradient  of  gravity  is: 

to  m  SeC"2  <2> 


with  the  earth's  radius  R  *>  6.38  x  10^m 
-  3.1  x  10-6  sec-2 

and  with  the  definition  of  the  "Eotvos  Unit"  of  1  EU  -  10-9sec_2: 

3100  EU  (3) 

This  is  the  normal  vertical  gradient  at  the  earth's  surface. 

♦Private  communication  from  Dwaine  K.  Butler,  U.  S.  Waterways 
Experiment  Station,  Vicksburg,  Mississippi. 
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A  buried  boulder  could  be  detected  by  gravimeter  or  by  gradiometer. 

The  former  cannot  be  operated  until  it  is  completely  at  rest  because 
accidental  acceleration  of  the  instrument  is  indistinguishable  from  the 
effect  of  gravity.  The  gradiometer  is,  in  principle,  not  so  limited.  It 
would  be  the  equivalent  of  two  gravimeters  rigidly  mounted  one  above  the 
other  (for  vertical  gradient)  with  the  difference  of  their  readings  indi¬ 
cating  gradient.  Equal  acceleration  of  both  gravimeters  would  then  pro¬ 
duce  no  output. 

Let  a  boulder  too  heavy  to  be  removed  by  a  quick  excavating  method 

lie  at  1  m"*-3  foot  depth.  Its  size  will  be  larger  than  3x3x3  feet, 

3 

corresponding  to  about  0.7  m  and  1500  kg  mass.  Its  density  might  be  20% 
higher  than  the  surrounding  soil,  and  we  therefore  have  to  detect  a  mass 
anomaly  of  300  kg  at  1  m  range.  This  causes  a  very  small  acceleration: 

-9 

a-»2  x  10  g 

Clearly  such  an  effect  would  be  very  hard  to  extract  by  gravimeter  from 
the  natural  acceleration  noise  background  in  a  practical  situation. 

A  gradiometer  is  somewhat  more  promising.  The  gradient  at  the  surface 
is  the  superposition  of  the  earth's  gradient  and  the  gradient  of  the  field 
of  the  boulder: 

da  -2  y  m  -2  (4) 

__  -  _JL_  sec 

r 

-  40  EU 

This  local  change  in  gradient  must  be  detected  against  a  natural  gradient 
of  about  3000  EU;  i.e.,  one  is  looking  for  changes  of  the  order  of  3%  to 
indicate  the  presence  of  a  boulder.  Acceleration  of  the  gradiometer  will, 
to  first  order,  not  affect  the  measurement. 

These  rough  calculations  also  show  that  it  would,  in  practice,  be 
impossible  to  find  ledge  by  gravimetry  unless  its  depth  or  density  were 
to  change  drastically  within  the  area  investigated.  Absolute  measurements 
of  g  or  dg/dr  will  not  be  good  enough  with  present  instruments — only 
relative  gravimetric  maps  can  be  expected  at  best.  Uniform  ledge  under¬ 
neath  the  whole  area  will  merely  shift  the  datum  of  the  map. 
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Gravity  gradiometers  for  operation  from  moving  platforms,  particularly 
from  airplanes,  are  presently  being  developed  by  several  companies  (Hughes, 
Bell  Aircraft,  C.  S.  Draper  Labs)  for  special  mapping  purposes,  in  particu¬ 
lar,  in  order  to  remove  systematic  errors  from  inertial  guidance.  These 
systems  will  need  accuracies  an  order  of  magnitude  better  than  20  EU  In 
three  axes,  and  there  is  apparently  hope  that  this  performance  will  become 
achievable  in  the  field,  albeit  at  a  system  cost  of  several  million  d'  liars, 
and  corresponding  operating  efforts. 

A  vertical-only  gradiometer  operating  at  rest  only  would  be  very  much 
simpler.  Such  instruments  are  being  developed,  for  example  (5A)  for  oil- 
well  logging  and  may  be  adaptable  for  the  present  purpose.  However,  they 
probably  would  still  cost  no  less  than  $100,000  and  require  skilled  and 
careful  operations. 

We  must  conclude  that  gravimetry  and  gradiometry  are  not  going  to  be 
useful  for  quick,  shallow  excavation  surveys  in  the  foreseeable  future. 

This'  is,  however,  not  due  to  fundamental  limits  of  measurement  (such  as 
thermal  noise,  statistics,  uncertainty  relations,  etc.)  but  to  engineering 
problems.  They  may  be  amenable  either  to  persistent  efforts  driven  by 
other  urgent  user  needs  or  to  a  novel  approach  bypassing  some  of  the 
practical  problems. 
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-o’t  wiion  real  _wo”  Id  situations  wore 
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prooed  roc*  vo’w'-s: 
previous  stub ,  /.  n>c 

process » ng  to  ennj- 

directions.  ( Author | 


.  .•  of  th»s  ofo-^Mr  *v*«?  '  °  ve»*it>  a**  i 
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Prediction  of  Gec:_g  c  and  Hydrologic  Conations  Ahead  of  a 
Rapid  Excavation  Opera:  on 

Bureau  of  Mines  Denve-  Co'o  Oenver  Mining  Research  Center  ( 
O6017C) 

Annual  tecnnic.il  reot.  1  Fep-31  Oec  71 
AUTHOR:  Scott.  James  «. 

A52 I >02  Fid:  3C .  137.  6AF,  POH  GRA17221 
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Rept  No:  P07-2 

Contract:  ARPA  Order-1579 

Monitor:  10 

Apstract:  A  v»ell  logging  system  for  making  reJS-'e'f  ts  o' 

pnysicai  properties  of  rock  penetrated  0/  vertical  U" : I ‘  -a  es 
was  designed  and  partially  develoced  Dy  adapt ‘rg 
Bureau  of  Mires  equipment  to  special  needs  ;• 
geo  l  og  ica  1 -n ,  oro  :  eg -ca  I  prediction  propiems  associated  <•••.“ 
tunneling  at  aeons  of  sovera1  thousand  feet  in  ra-d 
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quantitative  measurements  of  interest.  A  ne.«  .  c 

technique  for  Oe  .‘running  P-  ana  S-wdve  vcl-c  t  •  o' 

acoustic  logs  was  developed  and  preliminary  tests  *«-e 

performed  to  evaluate  its  effect i versss.  (Autnor) 

Descriptors:  ( 'Structural  geology.  Predictions;,  { • Jr=  g -c . 
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Abstract:  Analytical  results  on  the  scattering  by  various 
planar  and  sonerical  conductivity  contrasts  and  on  design  data 
for  an  el ectrcTagnet > c  oulse  scunaing  prooe  are  oescriDeu  and 
Illustrated.  A  first  generation  version  of  the  prooe  is  given 
and  initial  measured  data  demonstrating  certain  features  of 
the  probe  are  presented.  (Author) 


The  Variation  of  the  Angle  of  Inte-nal  Friction  rit-i  S  : 
Consist  for  Mecnan i ca I  1 y-Ch : poed  Material 

P(.  nils  y  I  van  I  a  State  in  i  v  University  Par*  Coll  of.  £a-tn  a 
Mini -a I  Sciences  (4054  16) 

Semi-ann. tal  technical  rept .  1  Ap--30  Sep  7t 
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ADst-act:  The  oojoct.e  of  this  research  project  *<is  to 
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GEOPHYSICAL  SURVEY  OF  CftVERMOUS  AREAS*  PftTOKft  DAM*  INDIANA 

ftRMY  ENGINEER  WATERWAYS  EXPERINENT  STATION  VICKSBURG  MISS  <.0331 00) 

AUTHOR:  COOPER*  STAFFORD  S.  *  BIEGANOUSKY*  WAYNE  ft. 

FINftL  REPT. 

E1433C3  FLD*  8G»  13B*  48F*  50B  GRAI781S 
JAN  78  *54P 

REPT  NO*  WES-MP-S-78-1 
MONITOR*  18 

ABSTRACT*  THREE  SELECTED  GEOPHYSICAL  METHODS*  I.E.*  ACOUSTIC* 
RESISTIVITY.  AND  INFRARED  TECHNIQUES  WERE  APPLIED  TO  THE  PROBLEM  OF 
SOLUTION  CAVITY  DETECTION  AND  DELINEATION  AT  PftTOKft  DAM  SITE.  THE 
INFRARED  TECHNIQUE  WAS  ABANDONED  AFTER  EftRLY  EFFORTS  INDICATED  IT 
WOULD  NOT  PROVE  SUCCESSFUL  IN  THIS  APPLICATION.  BOTH  THE  ACDUSTIC  AND 
RESISTIVITY  METHODS*  HOWEVER*  YIELDED  RESULTS.  THE  GENERAL  SEVERITY  UF 
SOLUTIONING  ACTIVITY  COULD  BE  SURMISED  FROM  THE  RESISTIVITY  PROFILE 
PRODUCED  USING  THE  WENNER  ELECTRODE  ARRAY.  SPECIFIC  FEATURES  WERE 
FURTHER  DEFINED  USING  A  MODIFICATION  DF  THE  BRISTOW  RESIST  IV 11 Y 
SURVEY.  THESE  FEATURES*  HOWEVER*  HAVE  NOT  BEEN  VERIFIED  BY  EXPLORATORY 
DRILLING  THUS  FftR.  THE  ACOUSTIC  TECHNIQUE  EMPLOYED  WAS  VERY  SUCCESSFUL 
IN  DELINEATING  THE  TREND  OF  SUBTERRANEAN  FEATURES  FOR  A  DISTANCE  OF 
APPROXIMATELY  200  FEET  FROM  THE  LOCATION  OF  THE  ENERGY  SOURCE. 
EXPLORATORY  DRILLING  PROVED  THE  EXISTENCE  QF  SEVERAL  FEATURES 
INDICATED  BY  THE  ACOUSTIC  TECHNIQUE.  A  COMPARISON  OF  THE  ELECTRICAL 
RESISTIVITY  AND  ACOUSTIC  RESULTS  WAS  VERY  FAVORABLE.  (AUTHOR* 
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ft  NEW  SENSING  SYSTEM  FOP  PRE-EXCAVATION  SUBSURFACE  INVESTIGATION  FOP 
TUNNELS  IN  ROCK  MftSSES.  VOLUME  II.  APPENDICES:  DETAILED  THEORETICAL. 
EXPERIMENTAL  HND  ECONOMIC  FOUNDATION 

ENSCO*  INC. «  SPRINGFIELD.  VR. ♦FEDERAL  HIGHWAY  ADMINISTRATION. 
WASHINGTON.  D.C.  <406  167> 

AUTHOR:  RUBIN.  L.  A.;  FOWLER.  J.  C.  *.  GRIFFIN.  J.  N.  »  STILL.  W.  L. 

FINAL  REFT. 

E0804A2  FLD:  13B.  13C.  SOB.  500  63  GRAI7809 
AUG  76  505P 

REPT  NO:  1 061-TR-3-1 -V0L-2 
CONTRACT:  DQT-FH-t 1 -8602 
MONITOR:  .FHWA,'RD-77,'U 
SEE  ALSO  VOL.  1*  PB-276  720. 

ABSTRACT:  CONTENTS:  THEORETICAL  STUDIES- (ALTERNATIVES  CONSIDERED  FOR  A 
FEASIBLE  BftSELINE  SYSTEM.  ROCK  CHARACTERISTICS  OF  SIGNIFICANCE  IN 
TUNNELING.  RANGE  AND  RESOLUTION.  ACOUSTIC  WAVE  PROPAGATION  IN  HARD 
ROCK.  ACOUSTIC  SENSING  SYSTEM.  GROUND-PROBING  RADAR.  ELECTRICAL 
RESISTIVITY.  SIGNAL  PROCESSING  TECHNIQUES  APPLICABLE  TD  SUBSURFACE 
INVESTIGATION  OF  ROCK  MASSES  THROUGH  BOREHOLES.  CONCEPTUAL  DESIGN  OF 
HARDO  ROCK  SENSOR  CONVEYANCE  DEVICE.  APPLICABILITY  OF  DRILL  RIGS  HS 
PROPULSION  DEVICES'1  i  CRITICAL  LABORATORY  EXPERIMENTS-  (STUDIES  OF 
GEO-ENGINEERING  PROPERTIES  OF  POCK  RELATED  TO  THE  USE  OF  RADAR  HND 
SONAR  PROBING  SYSTEMS.  TRANSVERSE-DIPOLE  BOREHOLE  ANTENNAS.  SUBSURFACE 
EXPERIMENTS  WITH  RADAR'1  5  ECONOMIC  CONS  I  DERATIONS-  cCQMPARAT  I VE  STUDY  OF 
PROBABILITIES  OF  SUCCESS  OF  CANDIDATE  SYSTEM  DESIGN  CONCEPTS.  ECONOMIC 
ANALYSIS  OF  THE  FULL-CAPABILITY  SYSTEM.  COST  OF  PILOT  TUNNELS. 
ANALYSIS  OF  SENSING  COST-BENEFIT  RATIOS  AS  FUNCTIONS  OF  BOREHOLE  SIZE. 
COST-EFFECTIVENESS  CONSIDERATIONS  FOR  PROPULSION  AND  PENETRATION-. 
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R  NEW  SENSING  SYSTEM  FDR  PRE-EXCAVATION  SUBSURFACE  INVESTIGATION  FOR 
TUNNELS  IN  ROCK  MASSES.  VOLUME  I.  FEASIBILITY  STUDY  AND  SYSTEM  DESIGN 

ENSCO.  INC. »  SPRINGFIELD.  VA. ♦FEDERAL  HIGHWAY  ADMINISTRATION* 
WASHINGTON.  D.C.  <406  167) 

AUTHOR:  RUBIN.  L.  A.*.  FOWLER.  J.  C.  i  GRIFFIN.  J.  N.  *  STILL.  W.  L. 

FINAL  REPT. 
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REPT  NO:  1 061-TR-3-1-VOL-1 

CONTRACT:  DOT-FH-1 1 -9602 

MONITOR:  FHWA/RD-77/1 0 

SEE  ALSO  VOL.  2.  PB-276  721. 

ABSTRACT:  THIS  REPORT  INCLUDES  A  FEASIBILITY  STUDY  AND  SYSTEM  DESIGN 

FOR  AN  INITIAL  PROTOTYPE  OF  A  SENSING  SYSTEM  FOR  PRE-EXCAVATION 
SUBSURFACE  INVESTIGATION  FOR  TUNNELS  IN  ROCK.  TUNNELS  IN  ROCK.  ARE  VERY 
EXPENSIVE.  AND  COSTS  OFTEN  RISE  FAR  ABOVE  ESTIMATES  WAEN  UNFORESEEN 
PROBLEMS  ARE  ENCOUNTERED  DURING  EXCAVATION.  NEW  TECHNIQUES  IN  RAPID 
EXCAVATION  TECHNOLOGY.  SUCH  AS  THE  DEVELOPMENT  OF  BORING  MACHINES. 
HAVE  INCREASED  THE  NEED  FOR  IMPROVED  SITE  INVESTIGATION.  POSSIBILITIES 
FOR  A  NEW  SENSING  SYSTEM  THAT  WILL  PROVIDE  MORE  COMPLETE  DATh  ON 
SUBSURFACE  CONDITIONS  WERE  INVESTIGATED.  FAVORABLE  RESULTS  OBTAINED 
FROM  HIGH-RESOLUTION  GEOPHYSICAL  SENSING  IN  BOREHOLES  HAVE  BEEN 
COMBINED  WITH  IMPROVEMENTS  IN  DRILLING  OF  LONG.  HORIZONTAL*  PRECISE 
BOREHOLES  IN  ORDER  TO  PROVIDE  AN  ECONOMICAL  ALTERNATIVE  TO  PILOT 
TUNNEL  FOR  SUBSURFACE  INVESTIGATION.  PILOT  TUNNEL  COSTS  AS  WITH  ALL 
SUBSURFACE  CONSTRUCTION  ARE  RISING  AT  RATES  MUCH  HIGHER  THAN  THE 
ECONOMY.  THUS  THE  USE  OF  BOREHOLE  SITE  INVESTIGATION  HAS  POTENT IHLLT 
VERY  'HI  SH  BENEFIT  •'COST  CHARACTERISTICS.  THE  PROTOTYPE  SYSTEM  DESIGNED 
IS  A  HIGHLY  MOBILE  GEOPHYSICAL  MEASUREMENT  'DATA  ACQUISITION'  i-YilfeM. 
THE  SYSTEM  WILL  TAKE  ELECTROMAGNETIC  RADAR  MEASUREMENTS.  PULlED 
ACOUSTICAL  MEASUREMENTS.  AND  MULT  I -SPACED  ARRAY  RESISTIVITY 
MEASUREMENTS.  THE  SENSORS  WILL  BE  USED  IN  TRAVERSES  ALONG  THE 
BOREHOLE.  AND  DATA  WILL  BE  TAKEN  AND  STORED  ON  MAGNETIC  TAPE  FOR 
SUBSEQUENT  REDUCTION  AND  ANALYSIS  AT  A  COMPUTATIONAL  CENTER.  THE 
SYSTEM  COULD  REDUCE  ACCIDENTS.  REDUCE  BID  CONTINGENCIES*  AND  REDUCE 
OTHER  FACTORS  CONTRIBUTING  TO  RAPID  ESCnihTING  COSTS  OF  SUBSURFACE 
EXCAVATION.  VOLUME  I  DESCRIBES  THE  _ASIBILITY  STUDY  AND  SYSTEM 
DESIGN.  VOLUME  II  CONTAINS  THE  APPENDICES  A-R. 
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SCfiNNED  ACOUSTICAL  HOLOGRAPHY  FOR  GEOLOGICAL  PREDICTION  IN  ADVANCE  UP 
RAPID  UNDERGROUND  EXCAVATION.  PHASE  I 

HOLOSONICS.  INC. »  RICHLAND*  WASH. ♦NATIONAL  SCIENCE  FOUNDATION. 
WASHINGTON.  D.C.  RESEARCH  APPLIED  TO  NATIONAL  NEEDS.  <..391  200> 

AUTHOR:  PRICE.  T.  O.*.  BRENDEN*  B.  B.  S  COLLINS.  H.  D.  *  SPALEK*  J. 

INTERIM  REPT.  NO.  1 

D1802R2  FLD:  13B»  81*  50B«  48A«  82A  GRAI7709 

FEB  715  92P 

GRANT:  NSF-GI-43GSG 

MONITOR:  NSF/RA/T-75/075 

SEE  ALSO  PB-245  147. 

ABSTRACT:  A  DISCUSSION  AND  REPORTS  ON  THE  PROGRESS  TO  DATE  ARE 

PRESENTED  IN  THIS  INTERIM  REPORT  ON  THE  PHASE  I  PROGRAM.  TWO  TASKS  OF 
THE  FOUR  SCHEDULED  HAVE  BEEN  COMPLETED.  FIRST.  RESULTS  OF  h 
COMPREHENSIVE  REVIEW  OF  THE  CURRENT  STATE  OF  RESEARCH  IN  SEISMIC  AND 
ACOUSTICAL  HOLOGRAPHY  (PARTICULARLY  AS  IT  APPLIED  TO  GEDLUbIC 
PREDICTION^  ARE  INCLUDED  IN  THE  SECTIONS  ENTITLED.  REVIEW  OF  SEISMIC 
AND  ACOUSTICAL  HOLOGRAPHY  RESEARCH.  AND  ANALYSIS  OF  SCANNED 
ACOUSTICAL  HOLOGRAPHY.'  THE  SECOND  TASK  DETAILS  THE  IMPLEMENTATION  OF 
THE  HOLOSONIC  MODEL  200  SCANNED  ACOUSTICAL  HOLOGRAPHY  SYSTEM  TO 

^DEMONSTRATE  THE  RANGE  OF  IMAGING  AVAILABLE  WITH  CURRENT  TEthiUfilUE*  IN _ 

'A  SMALL  ROCK  SAMPLE.  AND  LABORATORY  DEMONSTRATIONS  ARE  CONDUCTED  USING 
A  MARBLE  BLOCK  AS  A  TEST  MODEL. 

?  SACOUST I CAL  OO  - HOLOGRAPHY  AND  GEOLOGICAL <W> PREDICTION  T I 

30  ACOUSTICAL <W> HOLOGRAPHY 
3  GEOLOGICAL <  W> PREDICT  I ON/T I 

5  3  ACOUSTICAL <W> HOLOGRAPHY  AND  GEOLOGICAL <U> PREDICT  ION/ T I 

?  T5/6/1-3 
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EXPERIMENTAL  CAPABILITIES  OF  THE  PPL  SEDIMENT  TANK  FACILITY  IN  THE 
STUDY  OF  BURIED  OBJECT  DETECTION 

TEXAS  UN IV  AUSTIN  APPLIED  RESEARCH  LABS  <404434* 

AUTHOR:  MUIR*  THOMAS  G. 

TECHNICAL  MEMO. 

C0164C4  FLD:  17A*  63A  GRAI7303 

4  OCT  72  2 OP 

REPT  NO:  APL-TM-72-32 

CONTRACT:  N00014-70-A-0166-001 0 

PROJECT:  NR-240-014 

MONITOR:  18 

ABSTRACT:  AN  UNDERWATER  ACOUSTICS  RESEARCH  TANK  AT  APPLIED  RESEARCH 

LABORATORIES  HAS  BEEN  MODIFIED  FOP  USE  IN  RESEARCH  PERTAINING  TO  THE 
DETECTION  OF  OBJECTS  BURIED  IN  A  WATER-FILLED  SAND.  PARAMETER  HAD 
DESIGN  DATA  ON  THIS  FACILITY  ARE  PRESENTED  FOR  BOTH  LINEAR  AND 
PARAMETRIC  ACOUSTIC  MEASUREMENTS.  IT  IS  SHOWN  THAT  H  WIDE  RANGE  OF 
ACOUSTIC  PARAMETERS  CAN  BE  USED  IN  THE  SIMULATION  OF  IN  SHU 
CONDITIONS.  <  AUTHOR!* 


11/7/1 

AD-752  776  NTIS  PRICES:  PC  A02/MF  AOl 

ON  THE  POSSIBILITY  OF  DETECTING  AN  OBJECT  BURIED  BELOW  AN  INTERFACE 
USING  TOTALLY  REFLECTED  WAVES 

TEXAS  UNI V  AUSTIN  APPLIED  RESEARCH  LABS  <404434* 

AUTHOR:  HORTON*  CLAUDE  W.  SR 
TECHNICAL  MEMO. 

C0164C3  FLD:  20A*  63A  GRAI7303 

27  SEP  72  1 2P 

REPT  NO:  ARL-TM-72-28 

CONTRACT:  N00014-70-A-0166-001 0 

PROJECT:  NR-240-014 

MONITOR:  18 

ABSTRACT:  A  PRELIMINARY  SURVEY  OF  LITERATURE  PERTAINING  TO  f  HE 
ACOUSTIC  DETECTION  OF  OBJECTS  BURIED  AT  SUBCRITICAL  ANGLES  IN 
SEDIMENTS  IS  PRESENTED.  ALTHOUGH  NO  GENERAL  SOLUTION  TO  THIS  F'RUBLEM 
HAS  BEEN  FOUND.  IT  IS  SHOWN  THAT  THEORETICAL  SOLUTIONS  FOR  SIMILHR 
PROBLEMS  PROVIDE  A  BASIS  FOR  THE  DEVELOPMENT  OF  THEORY  FOR  SUBCRITICAL 
TARGET  DETECTION.  -AUTHOR* 
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AD-782  264/6  NTIS  PRICES:  PC  A04/MF  A01 
EXCAVATION  SEISMOLOGY 

HONEYWELL  INC  MINNEAPOLIS  MINN  SYSTEMS  AND  RESEARCH  CENTER  <.402j49> 

AUTHOR:  LARSON<  RODNEY  M. 5  MOONEY.  HAROLD  M.  :  SQLAND.  DUANE  E. 

FINAL  TECHNICAL  REPT.  £3  MAY  72-31  DEC  73 
C3252I3  FLD:  13B.  9G.  49A*.  50B*-  GRAI7419 
MAY  74  67P^ 

REPT  NO:  F0154-TR2 
CONTRACT:  HD220Q70 
PROJECT:  ARPA  ORDER- 1579 
MONITOR:  19 
SEE  ALSO-  AD-755  211. 


ABSTRACT:  THE  OBJECTIVE  OF  THE  PROGRAM  IS  TD  DEVELOP  SEISMIC 
TECHNIQUES  AND  EQUIPMENT  WHICH  CAN  BE  USED  IN  A  HhRO-fQck 
RAPID-EXCAVATION  SYSTEM  TO  PROVIDE  INDICATION  DF  POTENTIALLY  HAZ  Ak dTjUT 
OR  CHANGING  GEOLOGIC  CONDITIONS  AHEAD  OF  THE  WORKING  FACE.  THE  SEISMIC 
REFLECTION  METHOD  IS  CONSIDERED  THE  MOST  SUITABLE  DNE  FOR  THE 
APPLICATION.  THE  PRINCIPAL  TECHNICAL  PROBLEM  IS  IDENTIFICATION  UF 
REFLECTIONS  SUPERIMPOSED  ON  OTHER  SOURCE-PRODUCED  CQHEREN I 
INTERFERENCE.  THE  INITIAL  PART  OF  THE  PROGRAM  EMPHASIZED  THE 
DEVELOPMENT  OF  A  SEISMIC  SOURCE- RECEIVER  COMBINATION  WHICH  FRDDUt  EC  A 
SIMPLE.  REPEATABLE  TRANSMITTED  SEISMIC  PULSE.  IN  THE  FINAL  PART  UF  THE 
PROGRAM  THE  FIELD  RECORDING  SYSTEM  WAS  USED  TO  COLLECT  FAULl 
REFLECTION  DATA  IN  AN  UNDERGROUND  COFFER  MINE.  THE  FINAL  REPURT 
DISCUSSES  EXPERIMENTAL  PROCEDURES  AND  INTERPRETATION  AND  THE  PROBLEMS 
ENCOUNTERED  IN  THE  UNDERGROUND  ENVIRONMENT.  (MODIFIED  AUTHOR  ABSTRACT > 
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AD-755  211 

EXCAVATION  SEISMOLOGY 

HONEYWELL  INC  ST  PAUL  MINN  SYSTEMS  AND  RESEARCH  CENTER  <170188' 

AUTHOR:  SOLRHD »  DUANE  E .  :  MOONEY*  HRROLD  M. 

SEMI RNNURL  TECHNICRL  REPT.  25  MRY-22  NOV  72 
r  ij4e  5i?4  PLO:  l  :^B.  E UB  *  E4F  •  ’5 S' C  i.RAI  75*07 

DEC  72  74P 

REPT  NO:  F0154-TR1 

CONTRRCT :  H0220070.  RRPR  ORDER- 1579 
MONITOR:  18 

RBSTRRCT:  THE  OB  JECTIVES  OF  THIS  PROGRRM  RR'E  TO  VERIFY  HND  EVHLUH I  b 

TWO  PROMISING  ESISMIC  RRRRY  TECHNIQUES  FOR  USE  IN  UNDERGROUND 
HRRD-ROCk  EXCAVATIONS.  THE  TWO  RRRRY  TECHNIQUES  TO  BE  EVHLUH I E D  hke: 
H  THREE-D I MENS  I ONRL  METHOD  OF  DISPLRYING  THE  OUTPUT  SIGNALS  FROM  H 
TWO-DIMENS IONRL  RRRRY  OF  TRANSMITTING  SOURCES  HND  RECEIVERS  TO  ENRBLE 
RN  OPERRTOR  TO  VISURLLY  DETECT  REFLECTIONS  FROM  D I  SCOUT  I NU I T 1 E  S  M1IH1H 
THE  PROBED  ROCK  VOLUMES  RND  R  BERMFORMING  METHOD  DEVELOPED  IN  H 
PREVIOUS  STUDY  WHICH  EMPLOYS  SDPHI STICRTED  RRRRY  SIGNRL  PROCESS IW-  IU 
ENHRNCE  REFLECTIONS  RETURNED  FROM  SPECIFIC  DIRECTIONS.  (AUTHOR- 

12Y7/2  . 

RD-748  14G  NT  IS  PRICES:  PC  RU/MF  R01 
EXCRVRT I ON  SE I SMOLOGY 

HONEYWELL  INC  ST  PRIJL  MINN  RESERRCH  DEPT  <401799> 

RIJTHOR:  SDLAND*  DURNE  E.  1  MOONEY.  HRROLD  M.i  TRCK »  DURNE 5  BELL. 

RICHARD 

RNNUX6PTECHNICRL  REPT.  NO.  1*  19  FEB  71-19  FEB  72 
R4414D4  FLO:  IsB*  17  .J.  lJL*  GOB*  GS^I*  E4L  GRAI7215* 

MRP  72  228P 

REPT  NO:  12289-TR2 

CONTRRCT:  HO 2 1 0 025 »  RRPR  ORDER-1579 
PROJECT:  RPPR-1F10 
SEE  RLSO  BD-731  707. 


RBSTRRCT:  THE  OBJECTIVE  OF  THE  PROGRRM  IS  TO  DEVELOP  SEISMIC 
TECHNIQUES  RND  EQUIPMENT  WHICH  CRN  BE  USED  IN  H  HARD-RUCK 
RRP I D-EXCRVAT I  ON  SYSTEM  TO  PROVIDE  INDICATION  OF  POTENTIALLY  HAS-HKOCIU  . 
OR  CHANGING  GEOLOGIC  CONDITIONS  AHEAD  OF  THE  WORKING  FACE.  THE 
SEISMIC  REFLECTION  METHOD  I  S  CONS  IDERED  THE  MOST  SUITABLE  ONE  FOR  I  HE 
APPLICATION.  THE  PRINCIPAL  TECHNICAL  PROBLEM  IS  IDENTIFICATION  UF 
REFLECTIONS  SUPERIMPOSED  ON  OTHER  SOURCE-PRODUCED  COHERENT 


INTERFERENCE.  SIGNRL  PROCESSING  TECHNIQUES  SUCH  AS  CROSS-CORRELATION 
AND  VELOCITY  FILTERING  OP  BERMFORMING  USING  AN  ARRAY  OF  PEL E IV ING 
SENSORS  ARE  BEING  INVESTIGATED  FOR  ENHANCEMENT  OF  REFLECTIONS.  I  HE 
INITIAL  PART  OF  THE  PROGRAM  EMPHASISED  THE  DEVELOPMENT  OF  h  ‘EISMK 
SOURCE-' RECEIVER  COMBINATION  WHICH  PRODUCES  A  SIMPLE*  REPER I  HBLt 


TRANSMITTED  SEISMIC  PULSE.  < AUTHOR ■ 
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AD-731  707  NT  IS  PRICES*.  PC  A07/MF  A01 
EXCAVAT I ON  SE I SMOLOGY 

HONEYWELL  INC  ST  PAUL  MINN  RESEARCH  DEPT  <401799* 

AUTHOR:  SOLAND.  DUANE  E. 5  MOONEY.  HAROLD  M. ;  SINGH.  SUDARSHAN 

SEMIANNUAL  TECHNICAL  REPT.  NO.  1>  19  FEB-18  AUG  71 

AS  18404  FLO:  1'3B.  17J.  GOB.  H4L.  Gsl  GRAI71c!4 

SEP  71  135P 

REPT  NO:  12E89-TR1 

CONTRACT:  HOcIOOc'j.  ARPA  ORDER-1579 
PROJECT:  ARPA- IF  10 

ABSTRACT:  THE  OBJECTIVE  OF  THE  PROGRAM  IS  TO  DEVELOP  SEISMIC 

TECHNIQUES  AND  EQUIPMENT  WHICH  CAN  BE  USED  IN  A  HARD-ROCK 
RAPID-EXCAVATION  SYSTEM  TO  PROVIDE  INDICATION  OF  POTENTIALLY  HHZARDUU. 
OR  CHANGING  GEOLOGIC  CONDITIONS  AHEAD  OF  THE  WORKING  FACE.  I  HE 
SEISMIC  REFLECTION  METHOD  IS  CONSIDERED  THE  MOST  SUITABLE  ONE  FOR  1  HE 
APPLICATION.  THE  PRINCIPAL  TECHNICAL  PROBLEM  IS  IDENTIFICATION  UF 
REFLECTIONS  SUPERIMPOSED  ON  OTHER  SOURCE-PRODUCED  CGHERENI 
INTERFERENCE.  SIGNAL  PROCESSING  TECHNIQUES  SUCH  AS  CROSS -CORRELHl ION 
AND  VELOCITY  FILTERING  OR  BEAMFORMING  USING  AN  ARRAY  OF  RECEIVING 
SENSORS  ARE  BEING  INVESTIGATED  FOR  ENHANCEMENT  OF  REFLECTIONS.  THE 
INITIAL  PART  OF  THE  PROGRAM  WAS  EMPHASIZED  THE  DEVELOPMENT  UF  H 
SEISMIC  SOURCE-' RECEIVER  COMBINATION  WHICH  PRODUCES  A  SIMPLE. 
REPEATABLE  TRANSMITTED  SEISMIC  PULSE.  A  FIELD  RECORDING  SYSTEM  HHs 
BEEN  ASSEMBLED  AND  SEISMIC  SIGNALS  RECORDED  AND  DIGITIZED  FOR 
REFLECTIONS  FROM  FREE  SURFACES  ON  GRANITE  BLOCKS  USING  A  SINGLE 
RECEIVER  AT  VARIOUS  LOCATIONS  TO  SIMULATE  AN  ARRAY  OF  RECEIVERS.  I  HE 
DIGITIZED  SIGNALS  WILL  SUBSEQUENTLY  BE  PROCESSED  BY  DIGITAL  COMPUTER 
TO  SIMULATE  AND  ASSESS  SIGNAL  PROCESSING  TECHNIQUES.  ‘AUTHOR* 
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nil4£283  878061390 

SEISMIC  PROF  I L I Mb  IN  MI RAM I CHI  BAY-  HEW  BRUNSWICK 

HOWELLS*  K.J  MCKAY*  A.  G. 

SEOPHYi.  DIV. »  NOVA  SCOTIA  RES.  FOUND.  CORP. *  DARTMOUTH*  NOVA 
SCOTIA*  CANADA 

CAN.  J.  EARTH  SCI.  •CANADA*  VOL.  14*  NO.  13  2909-27  DEC.  1977 

CODEN:  CJESAP 

TREATMENT:  E  XPER I MEN  T  AL " 

JOURNAL  PAPER'' 

A  COMBINED  ECHO  SOUNDER  AND  SEISMIC  PROFILING  SURVEY  IN  MI RAM  I CHI 
BAY  HAS  DETECTED  TWO  PROMINENT  SEISMIC  REFLECTORS.  THE  UPPER  REFLECTOR 
PROBABLY  REPRESENTS  A  MARINE  TERRACE*  ABOVE  WHICH  ARE  RECENT 
SEDIMENTS.  THE  SEA  BED  CONSISTS  MAINLY  OF  SANDS  IN  THE  BARRIER  1 SLMND 
AND  OUTER  BAY  AREA*  WHEREAS  THE  INNER  BAY  CONSISTS  MAINLY  QF  SHNDY 
MUDS  AND  MUDS.  A  DISCONTINUOUS  GAS  REFLECTOR  IN  THE  MUDS  OF  I  HE 
INNER  BAY  MASKS  ALL  DEEPER  SEISMIC  REFLECTORS  WHERE  IT  IS  PRESENT.  I  HE 
LOWER  SEISMIC  REFLECTOR  IS  PROBABLY  THE  PENNSYLVANIAN  BEDROCK  SURFACE. 
BETWEEN  THE  UPPER  AND  LOWER  REFLECTORS*  PRQ6LAC 1 HL  SEDIMENTS  HND 
GLACIAL  TILL  ARE  PROBABLY  PRESENT.  THE  BEDROCK:  SURFACE  HAS  BEEN  ERODED 
INTO  DEEP*  LINEAR  CHANNELS  BY  A  PRE-PLEISTOCENE  DRAINAGE  SYSTEM  WHICH 
MAY  HAVE  BEEN  SUBSEQUENTLY  OVERDEEPENED  BY  GLACIAL  SCOURING.  THESE 
CHANNELS  MAY  HAVE  BEEN  ERODED  ALONG  LINES  OF  WEAKNESS  IN  I  HE 
CARBONIFEROUS  SEDIMENTS  REPRESENTING  STRUCTURES*  SUCH  As  JOINTS* 
FRACTURES*  OR  FAULTS  IN  THE  BEDROCK.  THESE  STRUCTURES  MAY  BE  RELATED 
TO  THE  EXTENSION  OF  THE  CATAMARAN  FAULT  ZONE  IN  THE  PRE-ChRBCJNIFERUUs 
BASEMENT  ROCKS  BENEATH  MI RAM I CHI  BAY  <41  REFS > 
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0154191  878 09 A. 3  06*  879003404 

FILTERING  AND  FIELD  FOCUSING  PROCEDURES  FOR  ELECTRDMAGNE  F IC 
DETECTION  OF  UNDERGROUND  QUARRIES 

DUBUS*  J.P.S  CLICQUE*  D.  S  BAUDET*  J. •  GABILLARD*  R. 

UNIV.  DE  SCI.  ET  TECHNIQUES  DE  LILLE*  VlLLENEUVE  DASCQ*  FRANCE 
GEOPHYS.  PROSPECT.  *  NETHERLANDS >  VOL. 26*  NQ.3  407-30  JUNE  1978 

CODEN:  GPPRAR 

TREATMENT:  APPL I C'  PRACTICAL  APPLIC' 

JOURNAL  PAPER' 

LANGUAGES:  FRENCH 

THE  ELECTROMAGNETIC  SURFACE  DETECTION  OF  UNDERGROUND  QUARRIES  BY 
CLASSICAL  METHODS  BECOMES  DIFFICULT  WHEN  THEY  ARE  SITUATED  AT  DEPTHS- 
GREATER  THAN  TEN  METERS  AND  WHEN  THE  THICKNESS  AND  CONDUCTIVITY  OF  THE 
SUPERFICIAL  LAYERS  ARE  IRREGULAR.  THE  PROBLEM  IS  TACKLED  IN  TWO 
STAGES-'  AT  FIRST  USING  SUCCESSIVE  APPROXIMATIONS*  CHARACTERISTIC;  UK 
THE  MISCELLANEOUS  LAYERS  OF  A  STRATIFIED  MEDIUM  ARE  IDENTIFIED*  HND 
THE  QUARRIES  ARE  THEN  DETECTED  BY  OBSERVATION  OF  THE  CONDUC H V  IT i 
CHANGES  OF  ONE  OF  THE  LOWER  LAYERS.  COMPUTER  INTERPRETATION*  HOWEVER* 
IS  NECESSARY.  THE  CHANGES  DF  DETECTION  OF  THE  QUARRIES  Hkb 
CONSIDERABLY  IMPROVED  BY  A  FIELD  LOCALIZATION  METHOD  COMPUTER 
INTERPRETATION  IS  ELIMINATED.  THE  NEW  ASPECT  IS  AN  AUXILlHK. 
TRANSMITTER  WHICH  ANNULS  THE  CURRENTS  INDUCED  BY  THE  PRINCIPAL 
TRANSMITTER  IN  THE  UPPERMOST-GENERALLY  MORE  CONDUCTIVE-LAYERS.  I  HE 
THEORETICAL  AND  EXPERIMENTAL  RESULTS  SHOW  THAT  THE  FPOBABILlli  OF 
DETECTION  OF  THE  QUARRIES  BY  THIS  METHOD  ARE  FOUR  TIMES  A;  HIGH  h~  BT 
THF  CLASSICAL  ONE  *5  REFS'* 
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ID  NO.-  E 1790533799  933799 

TNVFP'TON  OF  TDEM  < HE HR -ZONE)  SOUNDING  CURVES  WITH  CATALOG 

INTERPOL AT I  ON . 

RODRIGUEZ*  JUAN  CARLOS 

O  COLO  SCH  MINES  V  73  N  4  OCT  1978  P  57-69  CODEN:  QC  iflfti. 

ISSN  0010-1753 

TIME  DOMftIN  ELECTROMftGNETIC  -TDEM-  SOUNDING  TECHNIQUES  HRE  LLED  IN 
PROSPECTING  FOR  GEOTHEPMftL  SYSTEMS.  RESULTS  OF  SUCH  SURVEYS  HRE  UR1EN 
INTERPRETED  USING  THE  METHOD  OF  GENERftL I ZED  LlNEftR  INVERSION. 
INVERSION  REQUIRES  THE  CftLCULftTION  OF  ft  LftR'GE  NUMBER  OF  THEUREIKhL 
CURVES  FOR  POSSIBLE  EftRTH  MODELS.  IN  THE  TIME  DOMftIN  ELEc TROMHgNE 1 IL 
SOUNDING  METHOD*  COMPUTftTION  OF  THESE  MODELS  IS  EXPENSIVE.  THE  COST 
CAN  BE  REDUCED  MARKEDLY  IF  ft  CftTftLOG  OF  PRECftLCULftTED  CURVES  IS  STORED 
IN  DIGITAL  FORM  IN  THE  COMPUTER.  AND  WHEN  A  FORWARD  MODEL  IS  NEEDED 
DURING  THE  INVERSION  PROCESS.  IT  IS  OBTAINED  BY  INTERPOLATION  BET WEfch 
THE  ALREADY  EXISTING  CURVES.  THIS  METHOD  WAS  PROGRAMMED  HMD  I  HE 
PROGRAM  PROVIDED  REASONABLE  RESULTS  FOR  SEVERAL  ELECT ROMAgNE UC 
SOUNDINGS  IN  THE  BLACK  ROCK  DESERT  PROJECT  IN  NEVADA.  £9  REFS. 

?  SBLACK  UiUROCK-  TI  AND  ELECTROMAGNETIC  <.W>  SURVEY  TI 

6  BLACK  <M>  ROCK--  T I 
4  ELECTROMAGNETIC  <W>  SURVEY'TI 
3  1  BLACK  i  W  •  ROCK  /  T I  AND  ELECTROMAGNETIC  vW>  SURVEY-'  1 1 
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ID  NO.-  El 790533793  933798 

TIME-DOMAIN  ELECTROMAGNETIC  SURVEY  IN  BLACK  ROCK.  DESERT -HUHLHRA1 
FLAT  AREA  OF  NORTHWESTERN  NEVADA. 

KELLER.  G.  V. ’.  CREWDSON.  R.  A.  5  DANIEL'S.  J.  J. 

Q  COLO  SCH  MINES  V  73  N  4  OCT  1978  P  47-56  CODEN:  QCSMAC 
ISSN  DO t  0-1753 

AN  EXPERIMENTAL  TIME-DOMAIN  ELECTROMAGNETIC  SURVEY  WAS  CARRIED  UUI 
IN  AND  AROUND  THERMAL  AREAS  IN  THE  BLACK  ROCK  DESERT  AND  HUALAPA1  FLHf 
OF  NORTHWEST  NEVADA  TO  EVALUATE  THE  UTILITY  OF  SUCH  SURVEYS  IN 
GEOTHERMAL  EXPLORATION.  TWO  GROUNDED-WIRE  SOURCES  WERE  USED.  ORIENTED 
IN  MUTALLY  PERPENDICULAR  DIRECTIONS.  THESE  SOURCE  CHBLES  WERE 
ENERGIZED  WITH  STERWAVES  OF  CURRENT  TO  GENERATE  AN  ELECT ROMAGNE I IL 
FIELD.  IT  IS  CONCLUDED  THAT  THE  TIME-DOMAIN  ELECTROMAGNET IC  YUUNDlNG 
METHOD  IS  EFFECTIVE  IN  DETERMINING  EARTH  CONDUCTIVITY  10  A  DEPTH  UR  l 
TO  2  KILOMETERS  UNDER  CONDITIONS  ENCOUNTERED  IN  THE  SURVEY.  15  KEF S. 

7  SSCHLUMBERGER  AND  ROOSEVELT  T I 

157  SCHLUMBERGER 
8  ROOSEVELT  T I 

4  1  SCHLUMBERGER  AND  ROD SEVELT • T I 


C-22 


Arthur  1)1  jttlc  Inc 


